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Oluwaseun Jacob Ajala, Jimoh Oladejo Tijani, Mercy Temitope Bankole,
and Ambali Saka Abdulkareem

Abstract Access to sustainable drinking water remains a serious challenge both in
rural and urban areas due to population explosion, pollution of various water systems
through natural and anthropogenic activities such as industrial activities, agricultural
practices, urbanisation among others. Although, water and wastewater treatment was
early discovered in history, however, took several years before people understood that
adequate judgement for quality water is not by human sense. The earliest water treat-
ment includes filtration and removal of pathogens carriers of typhoid, cholera and
dysentery among other diseases. Different treatment techniques such as membranes
filtration technologies, thermal technologies, biological aerated filter technologies,
advanced oxidation technologies are available for the mitigation of organic, inor-
ganic, heavy metals, microorganism, suspended solids and emerging persistent pollu-
tants from water. This chapter review different technological of advanced oxidation
processes wastewater technologies especially their efficiencies, cost implications,
durability among others. Of all the advanced oxidation processes, photoelectrocatal-
ysis has been found more suitable for the treatment of wastewater than conventional
methods.

Keywords Physico-chemical parameters - Classification - Conventional methods -
Advanced oxidation processes * Photoelectrocatalysis + Photo-fenton -
Photocatalysis
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1 Introduction

Despite the importance of water to human life especially for drinking, household
chores, agricultural and industrial purposes, the quality of water has been compro-
mised through the release of different pollutants into water system [127]. Some of
these pollutants are release either through domestic waste or industrial waste or both.
Some of these domestic and industrial wastes are highly toxic to living beings and our
ecosystem. They have caused our water systems to experience different colours, high
turbidity, bad odours, suspended solid matters, heavy metals, inorganic and organic
and micro-organisms [125] which led to water pollution.

In 2019, United Nations reported that water pollution has cause loss of many
lives more than any other form of violence dues to several diseases such as water
borne diseases (i.e. Diarrhea), type B and type C hepatitis virus and human Immune
deficiency virus among others. One of the most significant disease’s burdens among
many groups of lives is waterborne diseases, especially in developing countries. In
Nigeria, the ratio of those that suffered from diarrhea is 1:25 among children below
age five [126]. Thus, poor management of solid and liquid waste has resulted to
spread of many diseases [101].

Also, in 2007 World Health Organization estimated that yearly patients between 8
to 16 million type B hepatitis virus, 2.3 to 4.7 million type C hepatitis virus and 80,000
to 160,000 HIV (human immune deficiency virus) always exist which all result from
poor waste management systems [117]. WHO further estimated that annual death
of approximately 829,000 which translate to 54—-65% caused by diarrhea in low-
and middle-income countries are due to consumption of unconventional water [90].
It was discovered that around 13% of acute infections which translated to about
370,000 deaths in 2016 was linked to inadequate access to safe drinking water [90].
The use of sewage wastewater in agriculture for irrigation may also result in disease
transmission [126]. In 2016, malaria cases reported were 217 million with over
451, 000 deaths equivalent to 90% in sub-Saharan Africa alone [128]. World Health
Organization [126] reported that the population of the world is expected to grow by
33% (7.2 to 9.6 billion) between 2014 and 2050 with increase in urban population
by 61% (3.9-6.3 billion) in Africa and Asia. Climate variability and climate change
are also pilling pressure on water supplies due to drought and flooding [27]. Due to
the problem of water pollution and water shortage, there is a need to retreat, reuse
and recycle wastewater obtained via different wastewater treatments.

2 Physico-Chemical Assessment of Wastewater

In this section, physico-chemical parameters used to evaluate the quality of water
are discussed. This will help the reader to understand some important parameters to
known if water was polluted. Some of the physical and chemical parameters used to
determine the quality of wastewater are explained as follows.
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2.1 Physical Characteristics

(I) Colour

Colour is one of the essential water quality parameters that indicates the period of
time of exposure. Generally, fresh wastewater always appeared grey while after a
long period, the wastewater is always black due to the decomposition of bacterial via
anaerobic conditions [17]. It has been found that blacken colouration of wastewater,
normally occurs since there is generation of various sulphides such as ferrous sulphide
or hydrogen sulphide viareaction of with divalent metals such as iron under anaerobic
conditions [138].

(II) Odour

Odour determination is becoming more important, as the public is becoming more
concerned. Odour is usually produced via gases during decomposition process of the
organic matter [ 132]. There is distinctive but not offensive for fresh wastewater which
is less objectionable compare with septic wastewater odour dues to several odorous
compounds release during biological decomposition through anaerobic conditions
[32].

The sources of different unpleasant odours generated by industrial wastewater are
identified in the Table 1.

(IIT) Temperature

Wastewater temperature is always greater than the temperature of fresh water dues
to the activities of aerobic bacteria which lower the presence of oxygen thereby
increase the water temperature [109]. Temperature of wastewater is very important
since there are some treatment schemes for wastewater such as biological processes
which depends on temperature [15]. Though there are some factors causing varia-
tion in temperature such as seasons, geographic location among others, it has been
observed that wastewater temperature is always higher than the fresh water [136]. In
the Equatorial regions, its temperature varies from 13 to 24 °C while in Polar region,
temperature of wastewater varies from 7 to 18 °C [82].

Table 1 Odour sources in .
. . Industries Sources of odours
selected industries
wastewaters Cement work Dibutyl sulphide Amines, Mercaptans,
SO, HpS
Food Fermentation produces, sulphides, amines,
mercaptans
Rubber Mercaptans, sulphides
Paper pulp Sulphur dioxide, hydrogen sulphide
Pharmaceutical Fermentation produces
Textile Phenolic compounds
Organics compost | Sulphur, ammonia compounds
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(IV) Total Solids

Wastewater total solid comprises soluble compounds and suspended or insoluble
solids dissolved in water. The content of the insoluble solid is the dried residue
removed through filtration process [116]. The volatile solids burned off as a result
of ignition of residue. Several organic matters are volatile solids in nature, though
some organic matter cannot be ignited while at high temperature, some inorganic
salts break down [58]. The following are the organic matters; fat, carbohydrates and
proteins which constituted around 40-65% of the solids in the average suspended
wastewater. Settled solids are those solids that can be removed by sedimentation
[105]. 60% of the suspended solid in municipal wastewater are settled solid which
are been expressed as Millilitres per litre [9].

2.2 Chemical Characteristics

(I) Phosphorus and Nitrogen

These elements can be determined through the measurement of phosphorus concen-
tration and nitrogen concentration present in the water respectively [81]. One of life
essential nutrients is Phosphorus, which can be derived from fertilizers, animal waste
and phosphate detergents. When the concentration of phosphorus is high, orthophos-
phate will affect the quality of the water by increasing algae growth and further lower
the volume of oxygen needed for the aquatic animals and eventually led to their death
whereby pollute the water [129]. Orthophosphate will also cause odours and tastes
in the water.

Nitrogen is another essential nutrient that is very important to plants in ecosystem
[134]. The major sources of nitrogen include; animal waste and fertilizer while the
other sources are; atmospheric deposition and septic systems. When application of
nitrogen such as through fertilizers is higher than the amount that can be ingested
by the plants or released into the atmosphere via denitrification, then the nitrogen
concentration will increase [67]. When nitrate is in excess, it is not toxic to aquatic
life though increase in nitrogen concentration may lead to overgrowth in algae which
reduce the content of oxygen of the water thereby kills or damage aquatic species
such as fish and pollute the water [74].

(IT) Chemical Oxygen Demand

The chemical oxygen demand (COD) is an essential parameter used to determine the
water quality through the measurement of the amount of oxygen to oxidize particulate
and soluble organic matter [118]. Similar to biological oxygen demand (BOD), COD
provides an index to assess the effect of wastewater discharged. When the COD level
is high, the level of dissolved oxygen reduces and can lead to anaerobic conditions
and deteriorate the aquatic life [68]. It can be measured using COD analyzers and it
has a shorter length of testing time compared to Biological Oxygen Demand.
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(ITI) Dissolved Oxygen

This is the determination of the amount of oxygen present in a sample of water or
wastewater at the time of collection and it is very important for respiration of aquatic
life such as fish and other organisms [68]. This dissolved oxygen get access into the
water system through by- product derived from photosynthesis of plants and from
atmosphere diffusion. The dissolved oxygen concentration in the epilimnion of the
waters bodies continue to equilibrate with concentration of atmospheric oxygen as it
is 100% dissolved oxygen saturated [37]. The oxygen diffusion rate to the atmosphere
is lower than the photosynthesis rate when the algae growth is in excess and over
saturates the water with dissolved oxygen. When the dissolved oxygen is low there
is no mechanism to replace the consumed oxygen via decomposition and respiration
which will lead to death of aquatic animals [43].

(IV) Biological Oxygen Demand

This is referred to as the estimation of organic matter amount that is unstable in
the water. It estimates the required amount of oxygen needed by the microorganism
to degrade the available organic matter into simplest forms such as carbon (IV)
oxide, water and ammonia [5]. Though it helps to establish unstable organic matter
characterization, it takes a much longer period of time compared to chemical oxygen
demand.

(V) pH

The potential hydrogen (pH) is the measurement of the basicity or acidity of a water
body [79]. The scale of pH is in logarithm form which commonly ranges from 14 to
0. When the pH value of a solution is 6, it is ten times more acidic than a solution
with pH value of 7 [108]. The pH value of sachet water is 7. which is neutral, when
the pH value of Water is said to be less than 7, it is considered to be acidic and when
the pH value of water is said to be greater than 7, it is considered to be alkaline or
basic [3].

(VI) Conductivity

Conductivity of water is an expression of its capacity to transfer electric current in
an aqueous solution [43]. It is estimated in micro siemens per centimetre (jLs/cm) or
micromhos per centimetre (umhos/cm). The conductivity of distilled water is said
in the range of 0.5-3 ps/cm. This ability depends on the mobility, presence of ions,
valence, their total concentration, relative concentrations and on the temperature of
the liquid [43]. The following solutions are relatively good conductors such as salts,
bases and inorganic acids among others.

(VII) Alkalinity

Alkalinity is a measurement of the total components present in the water that tend to
neutralize acidity [43]. This is carried out by determining various levels of radicals.
Such radicals are hydroxides, phosphates, bicarbonate and carbonates present in the
water which is measured in terms of milligram per litre of calcium, carbonate (that
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is ppm of CaCOs). This also determined the ability of water to resist the change in
pH. The organisms are being affected directly due to the change in the pH values
caused by the presence of some pollutant toxicity in the water system [95].

3 C(lassification of Pollutants in Wastewater

There are two classes of pollutants to be discussed in this section; they are: Organic
Pollutants and Inorganic Pollutants.

3.1 Organic Pollutants

(I) Dyes

Generally, dyes are organic compounds which been classified into cationic, anionic
and nonionic dyes. These dyes are highly toxic and potentially carcinogenic which
are related to various diseases in humans and animals [147]. Dyes are also related to
environmental degradation such as recalcitrant in aerobic environments [8] whereby
responsible for its bioaccumulation which further entered the water system [63].
There are some of these dyes that degraded partially in the presence of anoxic sedi-
ments like in the case of azo-type compounds which occurs during reduction and
further release dangerous aromatic amines [63] and in some cases, the dyes undergo
direct combination with intermediate substance to produced carcinogenic or muta-
genic compounds [63]. The effects of recalcitrant and xenobiotic nature of the dyes
end on impacting the functioning and structure of the ecosystem [53]. In long period
exposures, some dyes with a longer half life of 2—-13 years always bring profound
unfolding such as to human health or to aquatic biota as it is with metal-complex
dyes [94].

(IT) Pesticide and Pesticides Residue

Pesticides are categories as herbicides, molluscicides, fungicides, rodenticides,
nematocides insecticides and plant growth among others. Globally, it has been widely
used to control the pests which cause various diseases and increase the yield of crops
yield. However, according to several studies, pesticide has been proved to inflict
adverse effects on human health and our environment [4].

These pesticides are designed and produced with the view to kill insect pests
generally and not site-specific. The applications designed of these pesticides are
expected to operate in contact or systemic approach with the target pest in order to
kill and to avoid the non target living things. However, some of these target pests
are simply species animals that have similar characteristics to other animals such as
susceptibility to certain toxins. Therefore, a chemical that is toxic to an animal may
also be toxic to other animals. It has been reported by some researchers that larger
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dose of some pesticides can kill humans while the normal does require to kill some
pests can further affect human health such as sex hormones disruption and lowering
of reproductory system performance among others [104]. These pesticides can act
as a xeno-hormones whereby mimicked the action of endogenous hormones, hence
it has been proved and categorized as endocrine disruptors [10].

(IIT) Pharmaceutical Pollutants

Pharmaceuticals and their metabolites have been generating serious issues in the
ecosystem especially in the aquatic environment and have become a major concern
to researchers in the area of environment chemistry [69]. Till date, majority of articles
published to address the presence of drugs in the effluent of the sewage. Exposures
to these drugs are associated with some risks which are significant to the natural
environment [98]. In countries where reuse of water is practice, public’s concern is
more focused on exposure to human health [20].

(IV) Volatile Organic Carbons

The following are the examples of volatile organic compounds: toluene, benzene,
xylenes, trichloroethylene, trichloroethane and dichloromethane are common pollu-
tants present in soil [143]. In commercialized areas, one of these sources of these
pollutants is leakage of underground storage tanks. Improper release of solvents
and landfills are also significant sources of volatile organic carbon in the soil
[6]. Some of these organic substances are classified as priority pollutants namely;
polycyclic aromatic, polychlorinated biphenyls, formaldehyde, acetaldehyde, 1,
2-dichloroethane, dichloromethane 1, 3-butadiene and hexachlorobenzene among
others [46].

Several industrial wastewaters generated from industries contain heavy metals.
For instance, electroplating industries produce qualities of heavy metals in its wastew-
ater. The following are these heavy metals released during their operations and appli-
cation; zinc, chromium, copper, platinum, cadmium, lead, nickel, vanadium, silver
and titanium among others [131]. This application includes; milling, electroplating,
anodizing-cleaning conversion-coating and etching [131]. Another source of these
heavy metals is the wastes of printed circuit board industry. Nickel, Tin and Lead
solder plates are commonly used resistant over plates [100], the products of inor-
ganic pigment industry which is pigments contain cadmium sulphide and chromium
molecules [135]. All these generated large quantities of wastewaters with residues
and hazardous sludges [122].

3.2 Inorganic Pollutants

(I) Anionic Pollutants

Fluoride, chromium and arsenic are the most commonly found anionic pollutants
in wastewater. Fluoride is one of the species present in aqueous media. In Arsenic
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species, there are Arsenate (As(IIl)) and Arsenate (As(V)) which were more toxic
than organic matters [103]. Arsenate is said to be predominately much on the surface
of water while Arsenite is dominant in ground water system [61]. Arsenite is in nega-
tive ionic form (H, AsO3; ™) under the condition of pH while at pH value of 2.2 As(V)
is present as H3AsOy, at pH value of 2.2-6.98 As(V) is present as HyAsO4 ™, at pH
value of 6.98-11.5 As(V) is present as HAsO4>~ and at pH 11.5 As(V) is present
as AsO4>~ [51]. Chromium is of two different forms in the environment; Cr(III) and
Cr(VI) with the latter considered more toxic than the former [31]. The predominant
species of Cr(VI) is HCrO4~ at low pH but when the pH value increases, there is
a shift to CrO42~ or Cr,0-2~. However, in anionic pollutants, the surface charged
is negative as the solution pH value increases which weakening the forces of elec-
trostatic attraction between negatively charged anionic pollutants and the adsorbent,
thus reduced the efficiency of the adsorbent [92]. Moreover, when there is an increase
in pH value, the anionic pollutants compete with OH™ especially at level of higher
pH.

(IT) Cationic Pollutants

Co(I), Ni(Il), Cu(Il), Cd(II), Pb(I), Hg(Il) and Zn(Il) are the generally known
cationic pollutants present in wastewater [56]. Any cation with atomic mass greater
than 23 is referred to as heavy metal [120]. Several of these heavy metals such
as Mercury, Lead, Chromium and Cadmium among others are dangerous to human
health and ecosystem. Lead and Zinc can lead to corrosion and are harmful to humans.
Heavy metal cannot deteriorate unlike organic pollutants, thus it is difficult to treat
via remediation.

There is three mechanisms of adsorption which determined metal ion adsorption.
They are ion exchange, electrostatic and complex formation [45]. Graphene oxide
sheets have abundant oxygen groups which can be used to bind ions via ion exchange,
electrostatic and coordinate approaches. For those cationic pollutants, when the pH
value is high it easy adsorption process dues to the competition of -O—and COO-on
the sites between metal ions and proton in acidic conditions which lower adsorption
capacity. When there is increased in the solution pH value, —O- and —-COO- will be
converted to —OH or —O—H and generate electrostatic interactions that is favourable to
adsorb cationic species. Different categories of constituents wastewater are illustrated
in Fig. 1.

4 Water Treatment Technologies: Operational Principles
and Limitations

In this section, our consideration will be on two types of water treatment technologies
which are; conventional water treatment and advanced water treatment. The conven-
tional water treatment is as follows: physical process which is always referred to as
primary or preliminary treatment method, chemical and biological process which are
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Fig. 1 Organic constituents partition of wastewater

also referred to as secondary treatment methods while the advanced water treatment is
refers to as advanced oxidation process called tertiary treatment method. This section
gives the reader best understanding of the recent trend on different water treatment
technologies. Let’s consider these different types of water treatment technologies.

4.1 Conventional Water Treatment Methods

4.1.1 Coagulation and Flocculation

Part of the constituents of most water systems is suspended solids. The purpose
of coagulation and flocculation is to separate the suspended solids from the water
bodies. Before separation can occur, coagulation reaction must take place by destabi-
lization of colloids through neutralizing their intermolecular force when coagulants
are added to the water bodies. There are some factors that are expected to be consid-
ered in choosing a coagulant such as particle size, shape, charge, composition and
density among others [88]. When particles carry like charges, repulsion occurs and
remains suspended in the water. Therefore, the application of the coagulant brings the
suspended together to form aggregates in size and settle. The following are several
coagulants used for coagulation; iron (II) sulphate, alum and iron (III) Chloride
among others [88]. Since the primary aim of coagulation are based on suspended
particles and hydrophobic colloids, researchers have tried to improve coagulation for
the removal of both insoluble and soluble substances through the grafting of sodium
xanthogenate group and it is referred to as amphoteric polyelectrolyte [21]. The pH
is one of the main factors to considered through coagulation since when the water pH
value is acidic, the negative charges of colloidal substances will be coagulated while
there will be removal of cationic ions. When water pH is high, there is a decrease
in the turbidity removal which increases the cationic ion’s removal. Though coagu-
lation has been helpful in the area of water treatment especially in developing and
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under-developing countries, this method is still associated with shortcomings such
as formation of sludge which becomes secondary pollutant, high concentration of
aluminium residue from the coagulants (i.e. aluminium based) present in the treated
water. The presence of aluminium residue is associated with some challenges such
as; loss in hydraulic capacity, increased turbidity, reduced disinfection efficiency and
potential adverse effects like alzheimer [137]. Though, it can be controlled through
adjustment of the pH value to acidic regions. This approach is not generally accepted
since it required increase in pH value for the control of corrosion in post treatment
in water distribution network which makes the process costly [14].

Flocculation is when polymer act as a bridge between the flocculants and the parti-
cles bind into large clumps or agglomerates. Immediately the flocculated suspended
particles are formed into larger particles, separation can take place through floata-
tion, straining, or filtration. There are many different types of flocculants namely;
polyacrylamide and polyferric sulphate. However, flocculation cannot successfully
remove heavy metals directly from wastewater via flocculants. Therefore, researchers
have developed macromolecule heavy metals flocculants such as mercaptoacetyl
chitosan among others and have been proved to remove heavy metals and also remove
turbidity in wastewater (Fig. 2). Apart from heavy metals, differences in the particle’s
properties are other challenges that make it impossible to use universal flocculant.
There are different groups of flocculant; Anionic group contain —-COOH, —SO3H
functional group, Cationic groups contain —NH,, =NH functional group, Ampho-
teric group (both anionic and cationic groups) contain proteins and Nonionic group
contain —OH and —COOH functional groups as it is shown in Fig. 2.

Generally, coagulation-flocculation is not enough to treat wastewater completely
especially with heavy metals [65]. Therefore, there is a need for other treatment tech-
niques to be applied after coagulation and flocculation in order to achieve complete
removal.
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4.1.2 Chemical Precipitation

One of the most commonly used wastewater treatment techniques is chemical precip-
itation which its operation is simple with low cost. This involves the removal of
suspended solids, inorganics such as metal, greases, fats, oils and organic substances
which will later be separated through filtration or sedimentation. This method is
usually used for mitigation of pollutants from the wastewater which contains heavy
metals of high concentration but always have low efficiency when there is low concen-
tration [35]. This can result in production of sludge of metallic that need further
disposal, making the process of recovery of the metal difficult [60]. There are two
types of chemical precipitation namely; Hydroxide and sulphide precipitation.

(D Hydroxide Precipitation

This is one of the most commonly used chemical precipitation since it is very relative
simple, ease pH control and with low cost [36]. The solubility of hydroxides of metals
is controlled within the pH values of 8 to 11. Several hydroxides have been applied
to precipitate metals from wastewater, since hydroxide precipitation has a low cost
and ease of handling, one of the preferred choices of base is lime used in the settings
of industrial wastewater [55].

(IT)  Sulphide Precipitation

This is another form of chemical precipitation which is said to be an efficiency
process in removal of toxic heavy metals. Sulphide precipitation is advantageous
to hydroxide precipitation because the solubility of its metal sulphide precipitate is
lower than the precipitate of hydroxide and its nature is not amphoteric. Therefore,
the process of sulphide precipitation was able to achieve more degree of removal of
metal ions for a wide range of pH values than hydroxide precipitation. The sludge of
metal sulphide also exhibit better characteristics such as dewatering and thickening
than the sludge of corresponding hydroxide metals [97]. However, the use of sulphide
precipitation comes along with different shortcomings such as production of heavy
metal ions and sulphide precipitants in acid conditions whereby sulphide precipitants
resulted in evolution of toxic H,S fumes. It is necessary that sulphide precipitation
performed in alkaline or neutral ranges of pH values.

4.1.3 Ultra-Filtration

This is one of membrane filtration techniques used for separation, based on size
exclusion mechanism. The separation membrane pore size is within the range of 1—
5 wm [148] and falls between nano-filtration and micro-filtration. This method can
be used to remove substances of high molecular weight namely; colloidal material,
inorganic and organic polymeric molecules. The purpose of these membranes in
this technique is to fractionate or separate the wastewater into more useful or less
polluting streams but cannot degrade into simpler substances [12]. In view of the
above, Ultra-filtration has been increasingly applied in treatment of wastewater. One
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of the limitations of ultra-filtration is fouling of the membranes which significantly
increase trans-membrane pressure and reduced the lifespan of the membrane [7].
There are other several factors that can lead to destruction of the chemical structure
of membrane material and membrane fouling such as; concentration polarization,
formation of filter cake layer and blockage of membrane pore. Natural organic matter
(autochthonous biopolymers and humus) is considered the main culprit for membrane
fouling [7].

4.1.4 Reverse Osmosis

The reverse osmosis process is one of the wastewater treatment techniques which
involves the use of a pores semi-permeable (that is, cellophane-like) membrane to
separate treated water from the wastewater. This technique is capable of removal of
dissolved species in a wide range from water which gives more than 20% desalination
capacity of the world [19]. There are two sides to this technique namely; treatment
side and dilute side. On the treatment side, there is need for the use of pressure on the
wastewater forcing the treated water into the dilute side then removed the impurities
and washed into the rejected water. Reverse osmosis has been reported for its appli-
cation in different industries wastewater treatment such as mining, petrochemical,
food processing and textile industries [123]. The Membranes with smaller pores size
was able to prevent pollutants with larger molecular particle sizes from entering the
treated water. However, hazardous chemicals like herbicides, pesticides, insecticides
with smaller molecules size than water were able to pass with the treated water [71].
Hence, there is need to incorporate carbon filter with the use of reverse osmosis [71].
There are several challenges associated with reverse osmosis such as been too slow in
operation compared with other alternative water treatments, it has high consumption
power, its membranes are subjected to decay which leads to poor quality of treated
water and also its membrane has shortened life due to treatment of hard water.

4.1.5 Nano-Filtration

This is another membrane filtration technique which is usually an intermediate tech-
nique between ultra-filtration and reverse osmosis. Nano-filtration is a promising
technology for the treatment of wastewater by removing some pollutants such as
dyes, small molecules, nanoparticles and heavy metal ions like copper, chromium,
arsenic and nickel among others [115]. There are many benefits associated with
Nano-filtration such as reliability, operational ease and comparatively low consump-
tion energy [25]. Nano-filtration application is highly requested for the removal of
dyes in wastewater since most dyes average molecular weights is in the range of
100-1000 Da [145]. However, its membranes have pores with low connectivity and
low porosity, hence at low pressure the flux is low and the pores block easily [146].
Several researchers had made further studies to improve nano-filtration membranes
flux through the properties and structures of the supporting and barrier layers [146].
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It has been proved that the application of nano-fibre membrane as a supporting layer
should be a good potential candidate for the removal of pollutants.

[33] reported the studies of two commercial nano-filtration namely N30F and
NF90 for the removal of pentavalent Arsenic from synthetic water with Arsenic feeds.
He further reported that when there is a decrease in the operating temperature with an
increase in pH values, the two membranes remove higher concentrations of Arsenic.
Feed concentration is one of the parameters which affected Arsenic rejection. [72]
also investigated the use of Nano-filtration membrane for the removal of heavy metal
ions. He reported that there is rejection of nickel ion through the application of thin-
film composite polyamide Nano-filtration membrane. The maximum rejection of
nickel was further reported to be 92 and 98% when the initial concentration of the
feeds is 250 mg/L and 5 mg/L respectively [72]. He also reported the investigation
of binary heavy metals (cadmium and nickel) and the maximum observed solute
rejection of cadmium and nickel was 82.69% and 98.94% respectively when the feeds
initial concentration is 5 mg/L [72]. There are several reports on heavy metal removal
through reverse osmosis membrane and Nano-filtration. [24] used Nano-filtration and
reverse osmosis for recovery process copper from wastewater. [59] also studied the
efficiency of reverse osmosis membranes and nano-filtration in the removal of metals
in the effluent of metallurgical industry. He reported further that the reverse osmosis
and nano-filtration desalination satisfied the state reutilization qualification but in
industrial large-scale, nano-filtration process would be more suitable.

4.1.6 Solvent Extraction

Another name for solvent extraction is called liquid-liquid extraction. This is a
method used in separating different compounds based on their solubility relation-
ship into two different immiscible liquids, usually organic solvent and water. It is
also referred to as an extraction process whereby a substance is extracted from one
liquid phase to another liquid phase due to differences in its solubility [16]. This
can be achieved through application of partition coefficient or poor solubility of two
incompatible solvents. It has been widely applied in chemical, food, metallurgical
and other industries for its continuous easily operation, perfect process, enhanced
economic and superior productivity [142].

Trioctylamine belong to the family of amine and its molecular formula is (CH3—
(CH3)7)3 N and possess high basicity [142]. Trioctylamine has the ability to generate
complex anions and to gives back-extraction through its combination with metal ions
which can easily recover organic acids from aqueous solution [142]. It has many
benefits such as high extraction capacity, good extraction kinetics and negligible
solubility in the aqueous phase among others [142]. Thus, it was commonly applied
in the recovery process of much precious metal and organic acid.
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4.1.7 Electrolysis

Electrolysis is one of the treatment techniques used in metals removal in wastew-
ater. This process involves the generation of current from electricity and passes via
aqueous medium which contains an insoluble anode and cathode plate. This elec-
tricity process can be produced through movement of electrons from an element
to another. When electrochemical process is used for heavy metal removal in
wastewater, it precipitates in neutralized or weak acidic hydroxides. Electrochemical
treatments in wastewater includes; electro-coagulation, electro-deposition, electro-
oxidation and electro-flotation [40]. Electro-coagulation process is formed through
electrolytic oxidation of an appropriate material of anode. In this process, the removal
of charged metal species from the wastewater is allowed by reacting with the effluent
anion. The advantages of this process are; no required use of chemicals, reduction
in the production of sludge and ease of operation [40].

4.1.8 Adsorption Technology

This is a technique that involves accumulation of solutes that is liquid or solid on
the site surface of an adsorbent (liquid or solid) to generate an atomic or molecular
film [76]. The nature of adsorption operation is more of a biological or chemical
or physical system that is commonly applied industrially for water treatment and
activated charcoal among others. Due to its low cost and simplicity, adsorption has
been considered suitable techniques required in treatment of wastewater [4]. This
technology has been widely used for the removal of heavy metal ions from different
industrial wastewaters [ 1]. One of the most commonly applied adsorbents is Activated
carbon. This adsorbent has been confirmed by many authors dues to its highly porous
and amorphous crystalline solid nature. Other commonly used adsorbents are clay
minerals [77] zeolites, industrial solid wastes and biomaterials [140]. Certain waste
from the operation of agriculture or natural materials is one of the low cost adsorbents
used. Generally, most of these materials are locally available in large quantities
as waste and contributed to pollution of the ecosystem. Therefore, they are very
cheap. However, regeneration of the adsorbents after usage remains a challenge
facing adsorption technology.

4.2 Advanced Oxidation Processes

4.2.1 Photocatalysis

Photocatalysis process is a chemical reaction that involves radiation of catalyst mate-
rial using photon [85]. When the catalyst and the system are in the same phase, it is
referred to as homogeneous photocatalysis while when the catalyst and the system
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are in different phases, it is referred to as heterogeneous photocatalysis [11]. Photo-
catalytic technique is the formation of hole-electron pairs through the absorption of
light of photocatalyst; the radicals include hydroxyl, hydroperoxyl and superoxide
are been formed through the photogenerated charges [119]. These radicals react via
reduction and oxidation reactions, reducing the organic compound and inorganic ions
and oxidizing the organic compounds [75]. There are several other ways whereby
photocatalysis is applied such as; environmental surfaces and medical devices [102],
environmental cleaning [18], coating for hard surfaces in hospital environment [23],
self-disinfecting catheters [93], percutaneous implant [107], metal implant [22],
intraocular lenses [44], dental implant [26], dental adhesives [106], antimicrobial
healthcare surfaces [2] among others.

In the process of heterogeneous photocatalysis, the semiconductor employed as a
photocatalyst is very important. The most suitable photocatalyst are metals of oxide
or metals of sulphide which have band gap energy suitable to transit electrons by
the source of irradiation [84]. Some of these semiconductors include TiO,, ZnO,
WO;, CdS, SiO; and Fe,O; among others. There is formation of a positive empty
site when an electron leaves the valence band to conduction band. This empty site is
referred to as hole (h*). The recombination of the electron-hole pair photogenerated
occurs either through material surface or bulk, whereby moves to a state of initiation
and dissipate the heat (energy) [91]. Also, it can further react with the compounds
adsorbed on the surface of the photocatalyst by donating or accepting electrons
or trapped in the metastable surface state. It is advantageous that the material for
photocatalyst can be excited through cheaply available sources like sun radiation.
Several researchers have reported mineralization of the toxic organic compound
present in the wastewater into water, carbon dioxide and simple inorganic acids [111].
Therefore, photocatalytic method can break down dangerous and toxic compounds
like phenol, biphenyl, pesticides, solvents, dioxins and dyes among others to generate
non-toxic mineral species namely carbon (IV) oxide and water.

Photocatalyst/H
Organicpollutant + O, Dmcﬂy%/ : CO; + H,O + mineralacids

Reaction mechanism of photocatalysis process

Photocatalysis principle involves photocatalyst excitation when exposed to light radi-
ation namely Ultraviolet light or visible light. During photon’s action, the photo-
catalyst generate highly oxidizing free radicals which further involves breaking of
the chemicals adsorbed on its surface [70]. The photocatalyst converts from chem-
ical energy to photon energy via reduction-oxidation reaction which results in the
nanoparticle activation and degradation of the present molecular chemical. This
degradation process involves the succession of radical oxidation initiated via oxidants
like OH® which is directly produced via the light degradation of water molecules
adsorbed on the photocatalyst active site. The followings are some of the parameters
considered in the photolysis of organic compounds by a semiconductor;
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i.  The water content and the nature of the formation of hydroxyl radicals and
concentration of pollutants.

ii.  The intensity and nature of irradiation of the source of light.

iii.  The numerical value of incident rays to the nanoparticle activation.

iv.  The reaction medium is determined by the amount of the actives site on the
nanoparticle.

The processes can be summarized into four levels:
A. Nanoparticle (NP) activation
This level is associated with activation process through the illuminating of the
nanoparticle which generates the hole-electron pair.

NP +hv—> NP +ep-+hpy

B. Electron and Holes separation

The hole/electron pairs duration (H1/e™) is very short and their recombina-
tion is through heat. When the electron donor and acceptor are not present, the
recombination process is very fast.

NP(egc + h}y,) — liberationofEnergy

C. Oxidation and Reduction

This reaction takes place at the semiconductor’s surface when there is a reaction
between the positive holes and the water molecule which produces a radical of
hydroxyl. These reactions of oxidation or reduction are what brought about treatment
of wastewater.

Reduction Reaction

02,ads + el;C - 02_,ads
Oxidation reaction
H,O0 +h}, — OH,, + H*
OH_y +Ihy — OH
Raas + h-gV - R;ds
Band Gap Photo-excitation
This is referred to as the energy changes which result from the difference between

conduction band (Bottom) and valence band (top) of a semiconductor or photocat-
alyst. Photocatalysis process is referred to as photocatalyst excitation which occurs
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through the illumination of light energy which may be equal to or greater than their
band gap. Semiconductors with their band gaps are listed as follows: TiO, (3.43 eV)
[89], ZnO (3.37eV) [114], WO;3 (2.8 eV) [144], CdS (2.42 eV) [73], SnO; (3.6 V)
[57] and GaN (3.39 eV) [96] among others. It has been observed that the gap of the
band is always depending on shape and the size of particles of the nanoparticles.
From several studies, when the energy of the band gap increases, the semiconductor
particle size also decreases. Among several reported semiconductors, TiO, has been
treated promising and proven as the most suitable semiconductor for its application
in ecosystem due to its non-toxicity, chemical stability, physical and convenience
for use at ambient temperature and pressure [38]. Anatase TiO, with 3.2 eV has
been activated under ultraviolet irradiation which takes about 5% of solar energy.
Researchers have made some efforts to develop photocatalyst which required low
energy with visible light via engineering of band doping [30]. Doping of transition
metal such as cations namely; V, Fe, Cr and Ni on the site of Ti [141] and anions
namely; S, N and C on the site of O [66] which are usually synthesized to improve the
activity of photocatalytic reaction. [30] reported that synthesized of N 4+ Zr co-doped
TiO, exhibited excellent photocatalytic efficiency than Zr or N-doped. Non-metal
ions N, C on the site of TiO, have been used to reduce the gap of band of the TiO,.

However, there are different challenges attached with mono-doping of TiO,
induced into the system such as; unstability, reducing the current of the photo-excited
or carrier mobility, recombination of photo-excited electron-hole pairs [54] which is
unfavourable to improve the efficiency of photocatalytic reaction.

4.2.2 Photo-Fenton

Photo-Fenton reaction is one of the commonly studied advanced oxidation processes
used for the removal of emerging pollutants in wastewater [80]. Photo-Fenton reac-
tion leads to generation of hydroxyl radical from hydrogen peroxide. Several studies
have found this technique effective for the removal of many classes of pollutants, such
as pesticides [28], dyes [110], insecticides [29], pharmaceuticals [34], chlorophenol
[112], Nitrobenzene [64] and polychlorinated biphenyls [42]. Furthermore, economic
and environmental sustainability have been improved through the employment of
solar energy in this process. However, this application has some setbacks which
include a strict pH control to ensure that the catalyst (Fe(Il) and Fe(IIl) species)
plays their roles, by preventing formation of inactive iron oxyhydroxide precipita-
tion so as to have optimum concentration of photoactive species. Therefore, there is
a need to operate in a narrow pH range of 2.8-3.5.

Photo-Fenton reaction mechanism

Photo-Fenton reaction can be identified by reactions 1 and 2 below;

Fe*™ + H,0 4+ hv — Fe?™ + HO + H
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H,0, + Fe** — Fe** + HO + OH™

This reaction involves several stages based on the role in the reactions of these
free radicals: (I) generation of active oxygen with the presence of oxidation species
(that is, species that initiate oxidation reaction); (II) species transformation are
present in active oxygen; (III) transformation reaction of species of oxygen with
organic compound; (IV) intermediate reaction termination. The ferrous ions gener-
ated through photolysis entered Fenton reaction and generated supplemental radicals
called hydroxyl. Consequently, the rate of oxidation of photo-Fenton is accelerated
compared to Fenton process [41]. In addition, when there is high rate of oxidation, the
total iron utilization and the generation of sludge are always reduced in photo-Fenton
when compared with Fenton process [133]. Furthermore, it has been established that
photo-Fenton via UV or solar light, has greater effects on inactivation of microor-
ganisms in wastewater. However, the important of the technique is determined by
microorganism present [87] and the nature of water under treatment [121]. In a study,
it was found that the spores of F. solani is more resistant to the treatment by solar
than the E. coli vegetative cells [39]. High oxidation like Hydroxyl radicals with a
potential of 2.80 V, was said to degrade compounds of recalcitrant like chlorinated
and phenolic compounds [47].

4.2.3 Photoelectrocatalysis

Generally, photoelectrocatalysis systems consist of photocatalysis as an anode mate-
rial and exposed to light source (UV light or sun light) for effective breaking down
of organic pollutants in the aqueous medium. Photoelectrocatalysis is more advan-
tageous than photocatalysis due to easy separation of holes and electrons in the
presence of electrical charges [83]. Graphene oxide based nanocomposites have
been employed in Photoelectrocatalysis as working electrode and its performance
has improved significantly [139] synthesized ternary polyaniline—graphene oxide—
titanium oxide hybrid films and applied as photoanode in the photoelectrocatalytic
degradation for reduction of water. When compare with pristine titanium oxide elec-
trodes, the hybrid films with alternative graphene oxide, titanium oxide and polyani-
line layers exhibited better photoelectrocatalysis activity with higher rate of hydrogen
compared to most reported titanium oxide based nanophotoctalyst. The mechanism
of Photoelectrocatalysis suggested that the efficient charged transfer occurred at the
interface of polyaniline and graphene oxide—titanium oxide due to the potential of
the matched band [139]. Polyaniline served as both electron transporter and collector
and the transfer of the collected electrons to counter electrode was to form H, through
the reduction of water under a bias voltage [139].

Photoelectrocatalysis mechanism

This technique involves combination of both photocatalytic and electrolytic
processes for recombination of electron-hole (e;/hY ;) pairs and increasing the
lifespan of the holes [99]. The fundamental procedures of photolelectrocatalysis are
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ejection of an electron (e, ) through the valence band of a semiconductor which
completely occupied conduction band and formed a positively charged vacancy
(h )- When the semiconductor is being exposed to illumination energy which is
greater than its band gap, it gives rise to the photo-excitation of the e to conduc-
tive band from valence band. Then, the light allows formation of (eg /7 ) pairs
through Reaction (1) [78],

NP +h, — ecp +h"‘;B

Considering reaction 1, in the product, photogenerated hY, , is a strong oxidizing
species and e is the potential reductor. The photogenerated hy  then oxidized the
organic pollutants till their mineralization completed. In reaction 2, &7, adsorbed
water to generate strong oxidant °OH during mineralizes of the organic pollutants.
Then in reaction 3, e react with the adsorbed O, to produce the superoxide radical
0,.

hy g +H,O —° OH + H'
ecp +02 — OF

Other reactive oxygen species are formed through reactions 4 and 5. The following
reactive oxygen species are; HO, OH™ and H O;.

O5 + H" — HO,

HO, — H,0, + 0O,
In reaction 6, e, is an unstable species at the excited state which tends to return
to the group state either with adsorbed °OH or via recombination with the unreacted

+
hVB

ecp +°HO — OH™

ecp +hyp — NP + Heat

4.2.4 Catalytic Ozonation

Ozonation is considered one of the most commonly used wastewater treatment
processes. This process was been employed to oxidized pollutants with a large spec-
trum of emerging concerns and to dissolved organic matters. Ozone is the main agent
applied in ozonation. It is selective whereby react with electron rich moieties.
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Ozonation partly oxidize chemical compounds and emits toxic by-products, such
as bromate from bromine containing wastewater, which is carcinogenic [48]. Due
to the need to control the release of toxic emission and reactive by-products, post
treatment is required whereby activated carbon or sand filtration are applied after
ozonation [113]. But [52] noted that some ozonation by-products are incompletely
removed even during biological post-treatment steps.

Recently, researchers found that catalytic ozonation (combination of ozonation
and catalysis) have overcome several disadvantages of ozonation process such as
energy requirement and higher operational cost. Heidarizad [50] reported catalytic
ozonation has a promising advanced oxidation process for degradation of pollutants
in wastewater. Heidari [49] found the modified Graphene oxide with magnesium
oxide also give high adsorption capacity of Methylene blue. The data reviewed that
there was significant mineralization compare to that of ozonation which is without
catalyst.

Heterogeneous and homogeneous catalytic ozonation

The fundamental aspect of the mechanism for homogenous catalytic ozonation is on
decomposition reaction of ozone which produced radicals called hydroxyl. The metal
ions speed up the decomposition process to generate -O>~ which further transfer to
O; to gain -O3, Several researchers have proposed schemes for the mechanism of
homogenous catalytic ozonation. One of them is [86] which proposed that a system
of cobalt (IT) oxalate/ozone at acidic pH (6) [130]. He proposed the first stage in
the reaction pathway to form cobalt (II) oxalate and the centre of the metal was
established to be site of attack. The electron density is partially donated to Cobalt
(II) from oxalate which further caused the cobalt (II) oxalate reactivity to increase
when compared with the free cobalt (II). This process can effectively improve the
organic pollutants removal efficiency but its shortcoming is the introduction of ions
which leads to secondary pollution and further increase the water treatment costs.

While for heterogeneous catalytic ozonation; there are three different phases in
consideration such as; liquid, gaseous and solid which involves aqueous catalytic
ozonation due to it heterogeneous nature of the process. Catalytic ozonation tech-
niques are also affected by some shortcomings such as; target pollutants, nature of
catalysts and the range of pH of the solution. Hence, it is not easy to develop effi-
cient techniques to determine the reactive intermediate process. There are two typical
mechanisms are as following.

i. Interfacial reaction mechanism

The catalysts first adsorb by its surface to mitigate organic pollutants. Then generate
active site to react with the target pollutants to produced active complexes which
make the pollutants oxidized via ozone or HO® present in the solution and the catalyst
surface oxidize the intermediate or desorbed in order to oxidized via ozone or HO®
[13].

Legube and Leitner [62] reported the use of Me—OH catalyst as an adsorbent
only; where ozone and hydroxyl radical are oxidant species. The adsorption process
of organic acid first takes place on the catalyst. Then, strong anions appear and
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formed five or six membered chelate rings on the surface. While the hydroxyl or
ozone radical oxidized complex surface and produce a by-product of oxidation. In
this mechanism, the catalysts act as an adsorptive material that combines with the
organic pollutants to generate chelate which can break down through HO® or ozone
radical. However, there are some heterogeneous catalytic processes that have poor
adsorptive ability and are difficult to explain via this mechanism.

ii. HO° Mechanism

This mechanism proposed that the solubility of ozone and initiates its decomposi-
tion can be increased through metal oxide catalyst. The hydroxyl functional group
presents on the surface of the metal oxide play a crucial role in the formation of HO®.
The surface of the catalyst adsorbed the soluble ozone in aqueous solution, transfer of
series of radical chains to produce additional HO® which give high potential oxida-
tion and can oxidize the pollutants in the wastewater. Poor adsorptive ability of
catalytic ozonation system can be explained via this mechanism. Legube and Leitner
[62], reported that in this mechanism, the catalyst reacts with the adsorbed organic
pollutants and ozone together. Hence, the catalyst is being reduced as the ozone
oxidized the metal. The reaction of ozone on the reduced metal leads to HO radicals.
The organic acid was adsorbed on the oxidized catalyst and then oxidized by an
electron—transfer reaction to gain again reduced catalyst.

5 Conclusion

In this review, physico-chemical parameters for wastewater and classification of
pollutants in wastewater were first examined, certain aspects such as physical, chem-
ical characteristics, organic and inorganic pollutants were discussed. The potentials
of conventional water treatment methods to purify wastewater successfully along
with their shortcoming were discussed. When comparing conventional water treat-
ment with advanced water treatment methods, it was established that the advanced
water treatment method performed better and successfully more than conventional
water treatment especially when there are multi-pollutants in wastewater. Research
trends and knowledge gaps are in the area of hybrid advanced water treatment where
multi-advanced will be applied.
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Abstract Day by day, the need of pure drinking water is increasing. Water bodies are
being polluted by humans with numerous pollutants like organic, inorganic micro-
pollutants. These pollutants alter the chemical compositions, temperature, and whole
ecosystem of water bodies. Chemical pollution can directly affect human body from
drinking water. To control water pollution, treatment of water is necessary. Most
common treatment methods are typically used physical, chemical, and biological
water treatment. Organic—inorganic polymer hybrids are a new advancement in water
treatment technologies and are very efficient as an adsorbent, flocculants, coagulant,
and also useful for the fabrication of water treatment membrane. The use of photo-
catalysts is a recent advancement in water treatment technologies. This book chapter
discusses the synthesis process of organic—inorganic hybrids and recent advance-
ment in water treatment technologies based on organic—inorganic polymer hybrids,
polymer composites, polymer nanocomposites, and photocatalyst. The book chapter
also discusses the effect and outcomes of organic—inorganic polymer hybrids as
an adsorbent, flocculants, coagulant, and photocatalysts and will also discuss the
major challenges and future prospects of organic—inorganic polymer hybrids in water
treatment.
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1 Introduction

Water is the most essential ingredients of our life. Around 98% of the total water in
the world is seawater, and owing to the high salinity of seawater, it is unavailable for
direct use. About 1.6% of the rest is in the polar ice caps and glaciers. The remaining
is located in underground, rivers, ponds, or lakes [81].

In 45 developing countries around the world, women and children usually collect
freshwater for household purpose. This is time-consuming and affecting the economy
adversely. Freshwater sources are nowadays being polluted frequently due to human
and industrial activities. With rapid urbanization and industrialization, we need more
freshwater, and also freshwater is becoming polluted due to chemical contamination.
Industrial, domestic, and agricultural activities are responsible for water pollution
in the case of both ground and surface water [75]. More than 80% of the people of
the world are in great scarcity of fresh drinking water [88]. Recently, phenols, heavy
metals, dyes, pesticides insecticides, and detergents are polluting surface water. These
are released from the industries with many other effluents that are hazardous and
harmful for our body [75].

In our aquatic system, water-borne pathogens are increasing day by day at an
alarming rate. These pathogens enter into the aquatic ecosystem through sewage,
drain water, industrial effluent, and medical waste, and so on. Pathogen and toxic
chemical-free water is crucial for human health, and contamination of drinking water
from natural calamities is a big concern nowadays. In the coming years, supplying
toxic chemical and pollutant-free water will be a big challenge. This indicates the
requirement for advanced water treatment technologies [47]. Conventional methods
used to remove heavy metals, chemicals, inorganic contaminants, dyes, and many
other pollutants are adsorption, photodegradation, membrane filtration, chemical
oxidation, electrodialysis, reverse osmosis, and so on. These water treatment methods
are costly and sometimes produce secondary pollutants. So, it is a crying need to
have low cost and highly efficient process and stable approach of water/wastewater
treatment. Among many other water treatment processes, photocatalytic degrada-
tion is mostly significant owing to its high efficiency, low cost, and easy operating
conditions.

Organic—inorganic polymer hybrids are a brilliant edition of photocatalyst to
degrade toxic pollutants and dyes obtained from industrial effluent. Organic—
inorganic polymer hybrids were recently found to be efficient in different
water/wastewater treatments like adsorption, ion exchange, membrane technology,
biological contaminants removal [63]. Here, we will explain the preparation process
and recent invention of organic—inorganic polymer hybrids in different tertiary water
treatment processes and their prospects in water/wastewater treatment.
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2 Types of Pollutants in Water Bodies

A well-defined knowledge and awareness about the nature, amount, and sources of
pollutants present in water or wastewater are a mandatory to find a best way of water
or wastewater treatment. All pollutants are not always harmful to us and the environ-
ment. This depends on their quantitative amount that is present in water bodies. Some
pollutants are present in the water below their permissible limits and some above their
permissible limits. We have to remove or destroy those pollutants that are present in
water bodies above their permissible limits. Types of pollutants depend upon their
source of release and chemical nature. Pollutants may be classified as organic, inor-
ganic, and biological. Highly toxic and carcinogenic inorganic pollutants are heavy
metals and also metals present in water as a salt of nitrates, sulfates, phosphates,
fluorides, chlorides, and oxalates. These inorganic compounds are very harmful
to our ecosystem and human health. Water bodies are being polluted with insec-
ticides, herbicides, fungicides, hydrocarbons, polymers, phenolic compounds, and
toxic aromatics. Pollutants from the textile industry are a big concern for water pollu-
tion. Textile dyes, effluent, textile pre-treatment chemicals are nowadays polluting
water bodies drastically. Aldehydes, ketones, alcoholic compounds, and medical
waste are also responsible for water pollution. Last year, in Russia, microbes from
dead bodies found in polar ice caps water indicate a severe catastrophic situation in
the near future [15]. Bacteria, fungi, algae, plankton, and viruses are responsible for
the biological pollution of water and result in severe water-borne diseases [25].

3 Water Treatment Technologies

Reduction of water source means increase in freshwater, wastewater treatment, and
recycling of wastewater for drinking, household, and industrial purposes. Water
treatment technologies are divided grossly into three categories. Removal of phys-
ical and chemical contaminants is the initial step of preliminary treatment of
water/wastewater. After that, biological treatments are regarded as secondary treat-
ment and followed by some advanced treatment process called tertiary treatment.
After these treatments, water can be used for drinking, industrial, medicine, etc. The
water becomes nearly 99% pollutant-free after the three-stage treatment process and
ready for safe use in different specific uses in our daily life. Though, the invention of
various technologies for water treatment cost, sustainability, the energy requirement
is a big concern. Technological advancement with low cost and energy require-
ments in material development for the different process is a vital need nowadays.
Organic—inorganic polymer hybrids are efficient in advanced water treatment tech-
nologies. Different types of organic—inorganic polymer hybrids and their production
and application in different water treatment processes will be discussed later in this
chapter.
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A complete flowchart of these processes to produce good quality pollutant-free
safe water is given below

3.1 Primary Water Treatment Technologies

3.1.1 Screening, Filtration, and Centrifugal Separation

The best way of removing waste like cloth, paper, other solids during wastewater
treatment is screening. The very first step in water treatment is screening. According
to the size of solid waste, different types of screens with required pores are used
for solid waste separation. A medium with fine pores is used for the filtration
process with a setup of 0.1-0.5 mm pore size. Suspended solids, greases, and oils,
bacteria, etc. are removed by filtration. Water obtained after filtration is utilized for
further tertiary treatments like adsorption, ion exchange, membrane separation. Non-
colloidal solids are usually separated by centrifugal separation. Wastewater rotation
is done by rotating devices with different speeds to separate the waste and discharged
finally. Suspended solids separation is directly connected to their amount-to-volume
ratio. On the other hand, amount of waste separated from wastewater also depends
on the speed of the centrifugal machine [32].

3.1.2 Sedimentation and Gravitational Separation

Gravity separation and sedimentation techniques are very useful to separate solid
waste, grits, and slits. Water is allowed to settle for a definite time span, and owing
to gravitational force, the solid waste will be settled down. The time required for the
settling of the waste is dependent to the motion and the density of waste in water.
Sometimes, alums are used to supplement the process. Nearly, 60% of solid waste
can be separated from wastewater by sedimentation and gravity separation. This is a
very usual process in water treatment. Industrial effluents of pulp paper and refinery
industries are separated from wastewater by this separation method. Water treated
by these processes is applicable to be used ion exchange process and membrane
technology [29].

3.1.3 Coagulation

Sedimentation and gravity separation are not useful for the separation of some
suspended solids. These non-settable solids are usually present in water in colloidal
form. To separate these colloidal suspended solids, chemical treatment is required.
Colloidal particle possesses charge on their surface. To stabilize that particle alum,
starch or ferric chloride-activated silica and aluminum salts are mostly used as coag-
ulating agents. Due to the high cost, cationic and anionic polymers are not usual in
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use. pH, temperature, and contact times are very crucial for the coagulation process.
Biological wastes can also be separated by using special types of coagulants [46].

3.1.4 Flotation

In traditional water/wastewater treatment project, floatation is an important technique
to separate oils, grease, and biological solids, etc. through air or gas flow. Physical
adsorption is the chemistry behind this kind of separation process of waste from
wastewater. Solids adhere to the surface of gas or air by agglomeration and then
skimmed off from the water surface easily by mechanical means. High-pressure air
or gas is passed through the wastewater for better separation. The floatation process
is an effective process for recycling purpose of wastewater [82].

3.2 Secondary Water Treatment Technologies

To remove soluble and insoluble pollutants, application of microbes is a biological
route called secondary water treatment. Microbes are usually bacterial or fungal
strains. These microbe-containing water circulation into a reactor with wastewater
results in the decomposition product of organic waste. Sometimes, the organic waste
results in some other products like alcohol, glucose, and nitrate. On the other hand,
these microbes are very useful for the detoxification of toxic wastes in water. The
biological treatment of water is divided into two groups. One is an aerobic process,
and the other one is an anaerobic process.

3.2.1 Aerobic Process

For the aerobic decomposition of organic waste, availability of dissolved oxygen
in wastewater is a must. The decomposition occurs due to aerobic and facultative
bacteria. The rate of decomposition is completely dependent on the amount of avail-
able oxygen, retention period, temperature, and also on bacteria. To increase bacte-
rial growth followed by biological oxidation rate, some chemicals can be added
to enhance the decomposition of organic wastes of wastewater. By applying this
technique, solid organic wastes, volatile organics, and nitrate, etc. can be removed
effectively. In the aerobic treatment of water, a huge quantity of waste obtained after
the treatment is a disadvantage. The further processing of the waste output of the
process is costly. But, more than 85% of organic waste can be decomposed through
the technique. This is done by a trickling filter or activated sludge process or oxida-
tion pond or lagoons [26]. A general reaction scheme in presence of bacteria is given
below

Organic pollutants + Oxygen — Decomposition product (D
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3.2.2 Anaerobic Process

Purification occurs in absence of free dissolved oxygen in wastewater, and it is called
anaerobic degradation of organic waste of water/wastewater. Anaerobic and facul-
tative bacteria decompose organic pollutants into simpler and small-chain organic
molecules containing nitrogen, carbon, and sulfur. Some volatile substances like
ammonia, methane, nitrogen, and hydrogen sulfide evolve from wastewater due to
decomposition during the process. The method reduces a load of organic waste from
wastewater [68].

A general reaction scheme of anaerobic decomposition in presence of bacteria is
given below:

Organic pollutants — Decomposition product 2)

3.3 Tertiary Water Treatment Methods

The ultimate stage of water/wastewater treatment technologies to produce safe
water for our daily lives is tertiary water treatment process. The techniques used
in these treatment processes are adsorption, ion exchange, oxidation, photodegrada-
tion, membrane filtration, reverse osmosis, electrodialysis, distillation, and solvent
extraction. In this chapter, we are going to focus on some selected techniques in
which organic—inorganic polymer hybrids are used in water/wastewater treatment
afterward [32].

3.3.1 Adsorption

Adsorption is a surface phenomena which can be defined as the increase in concentra-
tion of any atoms, molecules, or ions on the surface of adsorbent. The rate of adsorp-
tion is controlled by temperature, time, and diameter of the adsorbate. Recently,
organic—inorganic polymer hybrids have drawn a great attention in water treatment
as adsorbents in case of removing heavy metals and organic pollutants like dyes. In
industries, pollutants removal from water/wastewater is done by columns or contrac-
tors fully loaded with adsorbents. The adsorption process is a batch process and then
fixing the condition turns out into the column or contractor’s process. Regeneration
of columns or contractors is problematic in the adsorption process [30, 31, 72]. The
management of adsorption waste is also a matter of concern for scientists.
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3.3.2 Distillation

Distillation is a separation technique. In the distillation process, two or multi-
component mixture can be separated according to their boiling point. In distillation
process, water is purified by boiling it at its boiling point. The water becomes vapor
and then cooled as pure water. In this process, the pollutants remain in the distillation
tower. The wastewater becomes free from all volatile organics and other impurities.
The process can eliminate 99% impurities. According to the water quality and quan-
tity required, various types of boilers with a definite size can be used for distillation.
Distilled water is required for laboratory and medical applications. Desalination of
seawater is another most important application of distillation [67].

3.3.3 Ocxidation

Chemicals like potassium permanganate, potassium dichromate, hydrogen peroxide,
chlorine are the most commonly used oxidizing agents in the oxidation process
of water/wastewater treatment. Organic chemical waste is oxidized into carbon
dioxide, water, and some other small organic compounds like alcohols, aldehydes,
ketones, and carboxylic acids. These small organic compounds easily degrade in
presence of bacteria. pH, temperature, and catalyst based on organic—inorganic
polymer hybrids are very crucial for the oxidation of pollutants. Following these
methods, dyes, phenols, ammonia, and many other compounds can be eradicated
from water/wastewater [6]. Advanced oxidation process is applicable when single
oxidants are not enough for oxidation. In an advanced oxidation process, more
than one oxidation applied simultaneously increases the amounts of free radicals in
water/wastewater for better oxidation [12, 14]. The most common advanced oxida-
tion process includes oxidation with Fenton’s reagents [6], ultraviolet photolysis,
O3, ultraviolet/H,O, [22], etc. Photocatalysis is one of the prominent oxidation
processes in organic pollutants degradation. Solar light or UV excites an electron
of outer orbital to produce hydroxyl free radicals for oxidation. To degrade organic
waste, various metal oxides like TiO,, ZnO, ZrO, with organic polymer composites
are very efficient photocatalyst in wastewater treatment [52].

3.3.4 Electrodialysis

Sometimes, water-soluble ions are considered pollutants in water/wastewater treat-
ment. To remove these water-soluble ions, the water is passed through the ion-
selective membrane (semi-permeable) under electric current [84]. The membrane
is made of ion-selective ion exchange or organic—inorganic polymer hybrid material.
The ion exchanger may be cation or anion exchanger, and the exchanger permits
cations or anions, respectively. Two electrodes with different voltage are applied
to this process in batch or continuous mode. To acquire the desired desalination,
the membrane may be applied in series connection. The efficiency of the process



36 Md. Ashiqur Rahman et al.

is dependent to the electric charge of the pollutants, membranes, water flow rate,
fouling and scaling, and several membranes used in series connection. Water source
reduction is another application of the technique. Applying electrodialysis tech-
nique, more than 90% dissolved solids can be separated from wastewater. Fouling
of membrane in reverse osmosis can be solved by increasing the flux and applying
of carbon nanotubes in hybrid membranes [30, 31].

3.3.5 Ion Exchange Process

Heavy metal ions in wastewater are a big concern in the effluent treatment plant of any
industry. To remove the toxic ions from water, ion exchanger can be used which will
exchange the toxic ion with non-toxic metal ion from a material called exchanger.
Ion exchangers have naturally obtained resin or synthetic organic—inorganic polymer
hybrids with active sites on their surface. The process is reversible and low energy-
consuming process. Organic and inorganic pollutants with low concentration can be
removed by this process [19, 98].

4 Advancement in Water Treatment Technologies

Widespread studies have been commenced in recent years to find a new way for a
feasible and economically profitable way of water and wastewater treatment tech-
nologies. Different methods named coagulation, adsorption, photocatalytic degrada-
tion, biological treatment process are now being mostly used to separate toxic chem-
icals from water/wastewater of different sources [3]. Organic—inorganic polymer
hybrids open a new era of this tertiary water treatment technologies around the
world.

Disinfection of water to remove pathogens obtained from human activities is
usually done by chlorination and ozonation. Though these processes are very efficient
but advanced organic—inorganic polymer hybrids, semiconductor photovoltaic cells
are very sustainable processes with minimum waste in the water treatment industry.
These processes are applied to remove persistent pathogens and toxic metallic ions,
organic compounds, and microorganisms from wastewater [12].

Adsorption, an effective process for wastewater treatment to remove toxic pollu-
tants, dyes, and many other pollutants. Recently used most widespread adsorbent
in water treatment is activated carbon [69]. Recently, biomaterials, known as bio
adsorbent, are used to remove pollutants from polluted water [71]. Magnetic adsor-
bent technology has drawn sufficient attention in water treatment technology. These
processes are not widely used in industries. However, a great effort has been given
to remove toxic metals, dyes, and other pollutants from wastewater using adsorbents
prepared from organic inorganic polymer hybrids.

The ion exchange process is another advanced technique in water treatment, but
ion exchangers prepared from organic and inorganic materials lack in mechanical



Organic—Inorganic Polymer Hybrids for Water ... 37

and chemical strength. Organic ion exchangers degrade in presence of radiation due
to high sensitivity toward radiation. So, organic—inorganic hybrid polymer-based
ion exchangers are, therefore, very potential for water treatment [43, 76]. Photocat-
alytic degradation pollutants are another advanced method used in water treatment
technologies. This is an amazing way for to destroy hazardous pollutants through
ozonolysis, UV radiation, and advanced oxidation [91]. This is a concept based on
electron—hole pairs of semiconductors representing widely used low cost, easier way
to degrade detergents, dye, pesticides, and easily evaporating organic compounds.
Photocatalyst made or organic—inorganic hybrids are the new era of water treatment
technologies [108].

Membrane technologies are advantageous over many other technologies because
of no chemical additives and their non-regenerative properties of spent media.
Pressure-driven membrane, gas separation membrane, electrochemical membranes
are mostly used nowadays [86].

S Organic-inorganic Hybrid Polymer

Organic—inorganic polymers hybrids are flexible, lightweight, and versatile materials
in material science. Organic—inorganic polymer hybrids are made of polymers with
various inorganic materials, and a variety of these synthetic materials are used in
different fields like water treatment, medical, and electronics. During the synthesis
of the material, the selection of the polymer is mostly important for the stability
and mechanical properties. Sometimes, incorporation of nanoparticles of inorganic
material with polymer is very crucial for the required characteristics of the hybrid
materials. So nowadays, organic—inorganic nanohybrid materials or nanocomposites
are widely used in water treatment processes to eradicate the problem arising due to
pollutants in water. Now, in the below sections, the methods available to fabricate
organic—inorganic polymer hybrids will be discussed [45].

5.1 Fabrication of Organic—inorganic Polymer Hybrids

To fabricate organic—inorganic hybrid material, different established methods are
available [55]. Blending, sol-gel synthesis, and emulsion polymerization are mostly
used methods for hybrid material synthesis. Metallosupramolecular polymeriza-
tion, electrochemical synthesis, microwave irradiation are some commonly used
techniques for the synthesis of the material.
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5.1.1 Blending

The simplest method to synthesize polymer-inorganic hybrid material is solution
blending. First of all, a solution is prepared from the polymer and then the inorganic
material is incorporated and well-mixed for a homogeneous mixture with mechanical
stirring or ultrasound. After that, evaporation of the solvent of polymer solution
results in the final products. In the case of inorganic nanoparticles, agglomeration of
nanoparticles is a drawback of this low-cost synthetic process. To avoid this problem,
the nanoparticles are firstly functionalized with other organic molecules and then
introduced in the polymer in liquid phase. In the case of melt blending, the polymer
is firstly melted with heat treatment and then the inorganic particles are added to the
polymer melt followed by mechanical stirring or ultrasonication. This melt blending
is appropriate for nanohybrid synthesis.

Solid-state organic—inorganic hybrid material synthesis is advantageous over solu-
tion blending as there is no need for an organic solvent. Thus, the process is not
responsible for environmental pollution due to the disposal of the solvent. High
loading of inorganic materials in melt or solution of polymer results in high viscosity.
To avoid this problem, powder blending is mostly used methods. Polymer blended
with silica [61] and TiO, [64] is used in water treatment.

5.1.2 Sol-Gel Synthesis

Fabrication of organic—inorganic polymer hybrids through sol-gel technique is
an old method, but recently, it is an emerging field for functionalized and struc-
turally advanced hybrid material synthesis. Materials combining inorganic solids
with organic polymer at the nanoscale are promising in optical, electrical, catalytic,
water treatment, and other application [66]. Figure 1 shows a typical sol—-gel method
to prepare an organic—inorganic polymer hybrid for heavy metal removal.

In an organic polymer network via sol-gel method, incorporation of silica,
alumina, vanadia, titania is most feasible. However, studies showed that silica-based
materials are mostly used just because of its highly stable Si—O bond and cheap raw
materials. Organic (polymer)—inorganic-based sol-gel hybrids are classified as—

1. ClassI
— Physical interactions: H-bond, ionic bond, etc.
2. ClassII

— Chemical interaction between polymer and inorganic components.

5.1.3 Emulsion Polymerization

Most common heterogeneous polymerization techniques are emulsion, dispersion,
micro-, and mini-emulsion [37]. Firstly, to create a nucleation center for polymer
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Fig. 1 Preparation of poly(1-vinylimidazole)-modified chitosan composite for heavy metal adsorp-
tion from wastewater through sol-gel synthesis. The figure is adapted with permission from the
original article of [38] (Copyright 2021 Elsevier)

particle formation, surfactant with hydrophobic monomer is dispersed into a solution.
Polymerization radicals will aggregate the micelles, buthomogeneous nucleation will
resultin homogeneous oligomers leading to poor morphological polymers. The mini-
emulsion technique is an alternative solution to avoid homogeneous nucleation. In the
case of the mini-emulsion technique through anionic, cationic, and polycondensation
reactions, polymeric nanoparticles can also be prepared with a free-radical polymer.
Applying these methods, polymer inorganic nanocomposites can be prepared with
controlled size, shape, and dimensions. Magnetoactive, clay-based, titania-based
nanocomposite can be prepared through miniemulsion technique [23, 95].

5.14 Metallosupramolecular and Coordination Techniques

In metallosupramolecular approaches, metal incorporates into a synthetic organic
polymer backbone. The chemistry behind these approaches is ionic, hydrogen
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bonding, and metal-ligand coordination complex-based interaction. This selective
interaction can be utilized for inorganic—organic polymer hybrid synthesis. Hybrid
material from organic polymer and transition-metal element, main group element,
and lanthanides are most promising nowadays [96].

Straight-chain polymer-metal ion composite material is a simple method of
capturing a metal in between two small polymer molecules with ligating capacity.
Recently, branched [103] network structure and cyclic structures [105] are the
most popular way of metallosupermolecular synthesis of inorganic—organic polymer
hybrid.

5.1.5 Photopolymerization

A suitable photoinitiator firstly results in free radicals due to the application of UV
lights on it. Then, the free radical propagates the polymer formation. The polymer
formation takes place in between inorganic nanofillers and organic polymer, and the
final product is a nanocomposite [99]. Silica, titania, alumina, clays with polymers
like acrylates, methacrylates, epoxy, and vinyl polymer are most likely used materials
for hybrid material synthesis. Metal oxide nanoparticles are promising inorganic
materials for hybrid material synthesis.

5.1.6 Electrochemical Synthesis

Electroactive monomers are utilized for the synthesis of polymer-based nanocom-
posite through the electrochemical polymerization process. Common monomers are
thiophene, aniline, and pyrrole. Direct deposition of polymer-based nanocomposite
on electrode surface results in the formation of hybrid material. Electrodeposition
of 3-thiophene-acetic acid with magnetite results in a magneto-responsive polymer-
based electrode for electrocatalysis [41], and WO3 nanoporous film with polyani-
line electrodeposition is another example of an electrochemical synthesis of metal
oxide-polymer-based hybrid material [40].

5.1.7 Surface Grafting

In the case of polymer-based hybrids, the enhancement of specific physical chemical
properties is very crucial for the physical or chemical bonding between the organic
and inorganic component of the hybrid material. There are three grafting strategies
to incorporate inorganic portion with organic polymer, and finally, it will result in
the improved interfacial surface. The methods are:

— Grafting to
— Grafting from
— Grafting through [7].
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6 Recent Advancement in Water/Wastewater Treatment
Technologies

Decontamination becomes a prime requirement when water gets polluted. The most
prominent purification technique should be selected to attain the decontamination
objectives. An effective decontamination process comprises of five successive steps.
During decontamination, polluted water is allowed to undergo preliminary treatment
followed by the purification techniques of primary, secondary, and tertiary stages.
Generally, both the preliminary and primary stages of water treatment are assembled
considering the prevailing conditions of pre-treatment techniques [2, 16].

As a whole, traditional wastewater treatment comprises of an amalgamation of
various chemical, biological, and physical methods and procedures to eliminate
colloidal and organic impurities, metal impurities, and organic substances, as nutri-
ents, present in several discharges. Various techniques including coagulation and floc-
culation, adsorption on activated carbon, precipitation, filtration, and biodegradation
as traditional processes evaporation, oxidation, solvent extraction, membrane separa-
tion, ion exchange, incineration, etc. as established recovery methods and adsorption
onto non-conventional solids, biosorption, nanofiltration, advanced oxidation, etc.
as emerging removal actions have recently been found to be applied efficiently as
decontamination process [17, 70].

6.1 Organic-Inorganic Polymer Hybrids
as Coagulant/Flocculants

Coagulation can be defined as the process to overcome the obstruction by repulsion
between the elements along with the modification of ionic character. In case of sepa-
rating a mixture of solid and liquid, both the flocculation and coagulation processes
are considered significant in the treatment of wastewater and dewatering of sludge in
various industries [50, 109]. Coagulation of impurities, both colloidal and dissolved,
in effluent can be clarified following the concept known as Derjaguin—Landau—
Verwey—Overbeek theory (DLVO theory). Incorporation of inorganic coagulants,
for instance, substances based on iron and aluminum frequently show a key role in
counterbalancing the charges present on the surface of the particles in suspended or
colloidal arrangements that facilitate the combination and settling of particles owing
to the force of gravity resulting in electrical double layer compression [57]. Alterna-
tively, flocculation can be defined as the addition of chemical reagents that can form
floc, following the coagulation process, to combine solids of both the suspended and
colloidal nature. The process acts a chief character in removing impurities present
in the aqueous environments through proper linking of the collected flocs resulting
in large clumps in the company of polymeric materials [78].

Numerous materials, for example, flocculants of organic nature, coagulants of
inorganic nature, and fused materials of hybrid character have been found to be
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modified in current centuries for both the flocculation and coagulation methods [60].
Though a varieties of materials has successfully been developed in eliminating pollu-
tants from wastewater, an improvement in their performances is still in need. The
successive increase of demands for both the resourceful and operational constituents
in the management of wastewater has introduced the growth of fused materials having
hybrid nature in case of flocculation and coagulation. Therefore, fused substances
of hybrid nature, thus, have developed promisingly as innovative materials having
remarkable prospective in the treatment of wastewater owing to their functional
superiority compared to conventional coagulants together with its poor cost than the
flocculants of organic nature [94]. Fused materials, utilized during the treatment of
wastewater, are the substances usually attained through the incorporation of potential
constituents into the matrix to improve combining power. It is consistent with the
growth of functionalities or constituents into the parent species having its ability to
strengthen the aggregating power [85]. Owing to the superior estrogenic character of
the constituents in a single substance, fused substance usually gives enhanced perfor-
mance compared to distinct components [101]. Following the same, hybrid materials
with combined useful constituents, can be a suitable substitute for the treatment of
contaminated water compared to individual coagulant/flocculant.

The use of mineral salts usually provides a drawback during coagulation, whereas
the coagulation capacity is lower than that of IPCs (refers to pre hydrolyzed coag-
ulants) and organic flocculants when they are allowed to be applied separately. In
order to deal with this restriction, polymeric flocculants of organic origin, i.e., poly-
dimethyldiallylammonium chloride and polyacrylamide are frequently utilized to
fabricate the hybrids comprising of both the organic and inorganic materials. Both
the polyacrylamide and polydimethyldiallylammonium chloride represent general
properties of higher molecular weight and higher water solubility. Inorganic coagu-
lants and IPCs such as aluminum hydroxide [80], calcium chloride [49], ferric chlo-
ride [49], magnesium chloride, and magnesium hydroxide [48], polyferric chloride,
polyaluminum chloride have recently been found to combine with polyacrylamide
resulting in fused materials comprising of both inorganic and organic constituents.
Through the successful incorporation of polyacrylamide, the linking process can
also be modified to increase the combining capability consecutively [85]. On the
other hand, polydimethyldiallylammonium chloride has been reported to not only
efficient in eliminating the impurities present in the contaminated water but also
capable of minimizing the formulation of chloroform in water which is in need of
further treatment. Thus, polydimethyldiallylammonium chloride has been found to be
nominated to combine with numerous substances of inorganic nature, i.e., Al,(SO4)3
[106], FeCl; [90], FeSO4 [53], PFS-FeSO, [53], PAC [54] while improving the coag-
ulation/flocculation efficacy and reducing the dosage of inorganic substance as well
[24].
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6.2 Organic-Inorganic Polymer Hybrids as Adsorbent

A range of hazardous chemical species from both the organic and inorganic origin is
frequently allowed to discharge into the atmosphere as commercial wastes resulting
in severe atmospheric pollution. Heavy metals (for instance, Pb, Hg, Co, Cu, Ni,
and Pd) are considered as the regular components of the earth surface and exist
in the atmosphere as a consequence of enduring besides destruction of parental
stuns [73]. Besides natural sources, heavy metals get involved in ecosystems through
wastewaters by man-made sources including the fabrication of alloys, mining, metal
extraction, tanning, plating, and fertilizer-containing metal ions [9]. Such hazardous
ions of metallic origin have been found to deteriorate various water resources and
drinking water even at a lower concentration. Therefore, it is essential to eliminate
these contaminant from commercial discharges for their successive non-toxic release.

Numerous methods, for example, precipitation which involves deposition of solid
contaminants [21], dissolution utilizing appropriate solvents [51] electrochemical
and chemical methods [20], ultrafiltration and reverse osmosis, ion exchange tech-
nique, flotation and coagulation, etc. have been found to be well-known for the elim-
ination of carcinogenic metallic ions present in commercial effluents and polluted
water [28, 56]. Nonetheless, maximum of these techniques are objectionable due to
the proper dumping of sludge, lower efficacy, excessive cost, and inappropriateness
to a range of contaminants as well [5].

Adsorption is an eminent separation technique and acknowledged as one of the
effective and profitable approaches in purifying polluted water. Furthermore, most of
the purifier, i.e., adsorbents can easily be recovered following an appropriate releasing
technique [65]. At present, clays, zeolites, activated carbon, and residues of agricul-
ture are utilized for the elimination of hazardous metallic ions [87, 104]. However,
the foremost drawbacks of such adsorbents are enlisted as their relatively weak
bonding with metallic ions, lower absorption capability, complications regarding the
separation, and regeneration from water.

To overcome these limits, organic—inorganic hybrid polymers are used most
prominently for the elimination of hazardous species in recent times [92, 93]. Among
the chemical species, the practical distinction of organic entities is allowed to combine
with the benefits of the heat stable and vigorous inorganic substrates which in turn
results in durable binding attractions to the specific ions of metallic character.

In various studies, researchers have manufactured ionic polymers that are
imprinted (IIPs) for the successful adsorption of metal ions [66, 97]. IIPs were found
to be manufactured by means of successful modification of a supporting exterior
(for instance, silica gel) utilizing a chelating group of organic origin and conse-
quently printed with metallic ions used as a model or subsequent co-condensation
of monomers comprising of functionalic entities (when metallic ions are present)
following the co-condensation via sol-gel methods and lastly discharging ions of
metallic character from the fabricated compounds. For instance, thiocyanate- and
derivatized monomers were reported to produce Cd**-printed long-chained poly-
mers [73]. Such prepared compounds showed promising adsorption capacity together
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Fig. 2 Mechanism of chromium (IV) adsorption with poly(1-vinylimidazole) modified chitosan.
The figure is adapted with permission from the original article of [38] (Copyright 2021 Elsevier)

with higher selectivity toward templating ions. Chitosan and poly(1-vinylimidazole)
modified with trimethoxysilyl group is a remarkable advancement in chromium
adsorption from wastewater. The mechanism of chromium adsorption by this
composite is shown in the following Fig. 2.

Chitosan-functionalized bentonite, perlite, clinoptilolite, alumina, montmoril-
lonite, and calcium alginate were also assessed to be used for the adsorption of
carcinogenic metals from water [73] (Table 1).

6.3 Organic-Inorganic Polymer Hybrids as Photocatalyst

Among the several advanced procedures, the photocatalytic process has drawn signif-
icant consideration as an efficient procedure for the damage of organic impuri-
ties in water. Such a procedure is an effective alternative for the elimination of
hazardous and carcinogenic contaminants in wastewater. The system utilizes light



Organic—Inorganic Polymer Hybrids for Water ... 45

Table 1 Organic—inorganic polymer hybrids as adsorbent for the removal of dyes and heavy metal

Serial | Adsorbent Adsorbate | Adsorption | Reference
number capacity
(mg/g)
01 Natural clay and aminopropyl-triethoxisilane Acidred 1 | 364.1 [83]
02 Clay and aminopropyl-triethoxisilane Acid 397 [83]
green 25
03 Di-o-benzo-p-xylyl-28-crown-8-ether anchored Cesium 97.63 [4]
mesoporous silica
04 Poly(methacrylate)/silica Methylene | 56.625 to | [39]
blue 91.324
05 Sodium alginate—SiO; Methylene | 148.23 [36]
blue
06 Carboxymethyl cellulose—TiO; Methylene | 48.73 [107]
blue
07 Poly(acrylic acid)MnFe;O4 Methylene | 53.50 [89]
blue
08 Poly-(3-glycidyloxypropyltrimethox-ysilane)/titanium Pb2* 199.0 [8]
isopropoxide
09 Poly-(3-glycidyloxypropyltrimethox-ysilane)/titanium Cu?* 42.79 [8]
isopropoxide
10 Sepiolite—cellulose Malachite | 62.34 [42]
green

having wavelength energy (bandgap energy) which in turn stimulates the semicon-
ductors producing a pair of electron-hole. Hence, the photocatalytic method is very
modest, cheap and can be applied for a varieties of impurities (including volatile
organic compounds, dyes, detergents, and pesticides) [11, 33].

Owing to the adaptability with long-chained polymers (lyophobic or lyophilic
nature), TiO,/cellulose nanocomposites are marked as fore-runners in numerous
uses that include both the self-cleaning materials and air purification filters [13]. The
utilization of cellulosic sheath as an auxiliary photocatalyst nanoparticle is capable of
overcoming the difficulties in gathering and removing photocatalyst suspension that
are present in water once the photocatalytic treatment is done successfully. Hence,
it lessens the adulteration owing to the presence of photocatalyst in water that is
undergoing treatment. Nano-sized cellulosic fiber (designated as CNF) can also be
utilized, as a potential matrix, in case of the suspension comprising of photocatalytic
particles owing to the required optical and tensile characters [77].

During the photodegradation process, ophthalmic characters of the cellulosic film
are significantly imperious for the maximization of titanium dioxide, exposed by a
source that emits light, inside the matrix of films. Such transference character of
the cellulosic film results in the improvement of electron spreading and transmis-
sion to the exterior of titanium dioxide consecutively. Therefore, it will upsurge the
catalytic performance of titanium dioxide while considering the impurities. An earlier
assessment explored the reduction in ophthalmic transference which can further be
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attributed to the proper distribution of nano-sized filler in the matrix of regener-
ated cellulose (RC) as a result of prominent interfacial bonding between titanium
dioxide and regenerated cellulose [58]. Moreover, Morawski et al. have magnifi-
cently manufactured nano-sized composites comprising of cellulose and titanium
dioxide with greater absorption of UV via light through the amalgamation of both
hexyl-dimethylammonium acetate and dimethyl sulfoxide as a solvent system [59].

6.4 Organic-Inorganic Polymer Hybrids in Membrane
Technologies

Over the past recent years, membrane technology has become a dignified separation
technology as it works without the addition of chemicals, with relatively low energy
use and easy and well-arranged process conductions. Polymer hybrids have added a
new dimension to membrane technology.

6.4.1 Classification of Organic-inorganic Nanocomposite Membranes

According to the structure of organic—inorganic nanocomposite membranes, they
can be divided into two types 10:

(a) Type (I) in which van der Waals force or hydrogen bonds are involved in
between polymer and inorganic phases. In this type of system, no covalent
or ionic bonds are present, instead various weak interactions like hydrogen
bonding, van der Waals contacts, -1 interactions, or electrostatic forces are
present.

(b) Type (II) in which strong chemical bonds, i.e., covalent bonds or Lewis acid—
base bonds are involved in polymer and inorganic phases 74.

6.4.2 Processing of Organic-Inorganic Nanocomposite Membranes

Hybrid membranes can be prepared by the following three ways:

i.  The sol-gel process.
ii.  The phase inversion method or the in situ blending method and
iii.  In situ or interfacial polymerization.

(i)  Sol-gel Process: To achieve highly homogeneous and controlled morphology
of the prepared polymer—inorganic nanocomposite membranes, this method
is applied. An enhancement in porosity and thermal stability was observed
in polysulfone (PS) with titanium dioxide (TiO;) composite membrane
that was prepared by this method 102. Another inorganic—organic
polymer hybrid PEO—[Si(OCHj3);], was also synthesized by coupling N-[3-
(trimethoxysilyl)propyl] ethylenediamine (A-1120) to end-capped PEO-400
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and then a number of positively charged membranes were also prepared based
on thishybrid 18. Joly etal. prepared a polyimide film by the sol-gel technique,
and the effect of silica particles was studied on the gas transport properties 44.

(ii))  Phase Inversion Method: Phase inversion method is one of the most common
methods that is used in the preparation of polymeric membranes. A composite
ultrafiltration membrane was prepared by Yan et al. using poly(vinylidene
fluoride) PVDF and alumina (Al,O3) materials by the phase inversion method,
and they studied the characteristics like the membrane hydrophilicity, porosity,
protein retention, and surface morphologies 100. Other studies have been also
conducted such as incorporating nano-TiO, into regenerated cellulose (RC)
[107] polysulfone (PSF)/silica (SiO;) 1, polyethersulfone (PES) and modified
montmorillonite (OMMT) 27, etc.

(iii) In Situ/Interfacial Polymerization: In situ or interfacial polymerization
involves the mixing of inorganic nanoparticles with organic monomers
followed by the polymerization of the monomers. As interfacial polymeriza-
tion method is closely related to the production of reverse osmosis membranes,
researchers are being attracted toward this technique. In these researches,
polyamide is most common 79.

6.5 Organic-Inorganic Polymer Hybrids in Disinfection
of Biological Contaminants

Organic—inorganic hybrids are mainly the combination of organic materials such as
polymeric and carbonaceous materials with inorganic nanomaterials. Generally, Ag,
Zn0, TiO,, and iron oxide nanoparticles have been used as antimicrobial agents for
the removal of pathogens from water. Nanotechnology has a lot of potential for water
disinfection, and recent reviews and books suggest its importance in water treatment
[53]. Considering various issues such as cost, environmental toxicity, and human
exposure related to the inorganic materials, organic—inorganic material hybrids such
as polymer—Ag, organic—silica, and organic—TiO, have been developed as effective
materials for water disinfection, particularly for developing nations.

6.5.1 Polymer-Ag Composites

Silver (Ag* or nanoparticle) as an antimicrobial agent has a long history of being
widely used. Ag* has a strong interaction with thiols on enzymes and bacterial
cell membranes, causing denaturation and cellular damage, respectively, ultimately
leading to cell death. Though it is effective against a broad range of microorganisms,
Ag has no significant side effects on the human body when present at sufficiently low
levels. For the controlled release of silver that can offer long-lasting antimicrobial
efficacy, silver has been impregnated into various materials, including polymers,
carbonaceous, and mesoporous materials.
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The incorporation of silver into polymers is a promising strategy for the develop-
ment of materials for water disinfection. The antibacterial efficiency of cylindrical
polypropylene water filters coated with a 35.0 nm layer of nano-silver particles (nAg)
has been evaluated 34. In another report, nAg-impregnated functionalized carbon
nanotubes (multiwall carbon nanotubes [MWNTs]) polymerized with § cyclodex-
trin (CD) using hexamethylene diisocyanate as the linker has been reported (Uppu
et al. 2014). The polymeric nanocomposites (Ag-MWNT-CD) were found to reduce
bacterial cell counts in water spiked with E. coli to 94% within 30 min and as low
as 0 CFU/mL (colony-forming units per milliliter) within 90 min 35.

Another strategic design of polymer—Ag nanocomposites for the development
of environmentally safe water disinfection processes is using the core—shell Ag
nanoparticles or nanocomposites with both antibacterial and magnetic properties.

6.5.2 Organic-Silica Composites

A new sand filtration water disinfection technology has been developed by Hayden
and coworkers that relies on the antimicrobial properties of hydrophobic polycations
(N-hexylated PEI) covalently attached to the sand’s surface 62. The applicability of
this filter in water disinfection was evaluated both with water spiked with E. coli and
with effluents from a wastewater treatment plant.

6.5.3 Organic-Inorganic TiO, Composites

Photodegradation of bacteria with organic—TiO, composites has the potential for use
in water disinfection if the visible light photocatalytic antimicrobial activity can be
enhanced.

7 Future Aspects and Major Challenges

Organic—inorganic polymer hybrids show a great prospect and advancement in
water/wastewater treatment due to their unparalleled and revolutionizing proper-
ties. Here, in this chapter, we have discussed the synthesis of organic—inorganic
polymer hybrids and their application in water/wastewater treatment. Organic—inor-
ganic polymer hybrids can act as an efficient photocatalyst, membrane, coagulant or
flocculants, adsorbent, and it can also remove organic micropollutants from wastew-
ater. Shortly, advancement of organic—inorganic polymer hybrids synthesis can bring
a revolutionary change in water treatment. Ion exchange resin or hybrid polymeric
material, the membrane is also promising in many other applications except water
treatment. Recently, advancement in membrane technology of organic—inorganic
polymer hybrids is very promising for water purification. But, due to the complex
synthesis process and cost, sometimes, organic—inorganic polymer hybrids are not
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feasible for use in water/wastewater treatment. Therefore, improvising the synthesis
with different inorganic nanoparticles with various properties like the easy genera-
tion of free radical, antimicrobial activity, and high surface to volume ration can be
a tremendous improvement in water/wastewater treatment.

8 Conclusion

In summary, organic—inorganic polymer hybrids have drawn the attention of scien-
tists and researchers, and numerous research articles have been published in
water/wastewater treatment. High efficiency of organic—inorganic polymer hybrids
is evidently proofed in tertiary water treatment. In the case of adsorption, membrane
technology, coagulation, ion exchange, biological waste separation organic—inor-
ganic polymer hybrid leads to a safe and creative effective water/wastewater treat-
ment process. Though to obtain a much better efficiency modification, improvisa-
tion is necessary during the synthesis and application of inorganic—organic polymer
hybrids.
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Abstract Hydroxyapatite with a general chemical formula Ca;o(PO4)s(OH), have
experienced a growing interest in recent years as multifunctional biomaterials for
a wide range of applications including dental implants, drug delivery vector, cata-
lyst as well as various other fields for environmental remediation. Hydroxyapatite
(HAp) based materials can be hugely useful in the field of pollution control owing
to their attractive physicochemical properties, especially, high adsorption capacity,
excellent chemical and thermal stability, ion-exchange capacity, acid—base proper-
ties, non-toxicity, and abundantly available in nature. This chapter provides on the
one hand an overview about the synthetic methods for preparation of hydroxyapatite
with description of textural and morphological proprieties. On the other hand, the
different proprieties of HAp will also be discussed. Finally, the application of HAp
in the field of environmental remediation including adsorption of heavy metals and
organic molecules, catalysis, photocatalysis for organic pollutant degradation and
membranes for oil/water separation will be described and recapped.

Keywords Hydroxyapatite - Environment remediation - Organic pollutant
degradation - Photocatalysis - Adsorption * Oil/water separation

1 Introduction

Hydroxyapatite (HAp) is a calcium phosphate, whose general formula is
Caj9(PO4)(OH), with a stoichiometric Ca/P ratio of 1.67. Particularly, HAp’s form
is frequently hexagonal, with a P6;/m space group symmetry, similar to the mineral
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constituent of human teeth and bones [1]. The hydroxyapatite materials are charac-
terized by their excellent physicochemical proprieties thanks to their, ion exchange
ability, chemical and thermal stability, non-toxicity, biocompatibility, acid—base
properties and high adsorption capacity. HAp materials are usually synthesized from
calcium- and phosphorus-containing compounds via different methods including co-
precipitation, sol-gel and hydrothermal. In addition, HAp can also be derived from
natural sources, and waste by-products, which make them cost effective and envi-
ronmentally friendly materials. It is owing to these properties that HAp is applied in
numerous fields including dental implants [2], drug delivery vector [3], adsorption
of organic and inorganic compounds [4—6], catalyst for various chemical transfor-
mations [7-9], photocatalysis [10—13] and as slow-release fertilizer for agricultural
applications [ 14, 15]. In the field of water treatment, several researchers have reported
the modification of HAp by other functional materials (e.g. organic and inorganic
compounds, metals ion, carbon materials and biopolymers) to form novel composites.
The obtained materials have additional advantages due to the synergistic properties
between HAp and other functional materials, which make them as promising candi-
date for adsorption of various inorganic and organic compounds, oil/water separation,
and catalyst/photocatalyst for the degradation of organic contaminant in aqueous
medium.

The current chapter summarizes and overviews hydroxyapatite based materials
and their environmental application. Herein, we are providing insights on the rela-
tionship between the structural, textural and morphological properties of HAp and the
adopted synthetic approaches including co-precipitation, sol-gel, hydrothermal and
microwave-assisted method. Furthermore, the environmental applications of hydrox-
yapatite based materials including adsorption, oil/water separation, catalysis and
photocatalysis are discussed and recapped. From this chapter, we works towards
furnishing the know-how in HAp chemical synthesis and modification approches for
environment remediation purposes and stimulate the readership to seek novel HAp
synthesis and modification strategies for new environment-related applications.

2 Common Routes for Synthesis of HAp

The preparation of hydroxyapatite via wet-chemical method concerns sol-gel, co-
precipitation, hydrothermal and emulsion approach, which are considered as the
more applicable routes due to their simplicity and reasonable cost. The most signif-
icant aspect of these approaches resides in their potential to control the crystallinity,
porosity, particles size and shape as well as morphology. These methods use different
types of solvents, temperatures, pressure and diverse chemical reagents and auxil-
iary additives. However, the above-mentioned process suffer from some limitations
mostly related to the production, in some cases, of different calcium phosphates
phases which give rise to the problem of purity. In the following section, we have
highlighted four strategies to synthesis HAp using wet chemical method. In addition,
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the experimental procedure, particle size and textural properties are discussed and
recapped.

2.1 Co-Precipitation

Currently, chemical precipitation is considered as the most common method for Hap
preparation owing to the simplicity of the procedure. The experimental procedure
consists of reaction between phosphorus and calcium ions under well controlled
temperature and pH. Generally, Ca®* and (PO,4)*~ salts with a molar ratio of Ca/P
= 1.67 are mixed in an aqueous solution, and then the mixture are precipitated
by the addition of a base such as sodium hydroxide or ammonium hydroxide. It
proceeds with several step: (1) precipitation (2) aging (3) separation (4) drying and
(5) calcination. The chemical reactions of Hap precipitation is shown as follows:

5 Ca(OH), + 3H3;PO; — Cas(PO4);(OH) + 9H,O (1)

5 Ca(NO3), + 3(NH4),HPO4 + NH4OH — Cas(PO4)3(OH) + 10 NH4NO3 + 3 Hy0 2)

These two chemical reactions turned out to be especially popular due to their
level of repeatability and relative ease. However, the synthesis of HAp using the first
equation is mostly used due to formulation is simple and its only byproduct is water.

The degree of crystallinity, specific surface area, shape and size of the obtained
HAp particles rest mainly on (1) the genre of reagents used (2) the pH of solution
(3) the reaction temperature (4) the reaction time, (5) precipitation rate, (6) drying
method (7) type of solvent and (8) calcination temperature [16, 17]. For example,
Kumar and collaborators [ 18] have conducted a study on the effect of reaction temper-
ature during precipitation on morphological changes. Co-precipitation technique
was used to fabricate the Hap material employing calcium calcium hydroxide and
ortho-phosphoric acid as sources of Ca and P, respectively, at distinct temperatures.
As given in Fig. la, when the precipitation was conducted at 40 °C, the particle
morphology is needle-like. However, during precipitation at 80 °C and 100 °C the

Fig. 1 Transmission electron microscopy (TEM) images of hydroxyapatite precipitated at distinct
temperatures a 40 °C, b 80 °C, and ¢ 100 °C, Reproduced with permission from [18]. Copyright
2004, American Chemical Society
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particle change their morphology to pyramidal and spheroidal, respectively (Fig. 1b-
¢). Furthermore, Wang et al. [17] described the influence of different parameters on
the morphology of HAp particles such as solvents, dispersants and drying method.
The authors used diammonium phosphate and calcium nitrate as P and Ca sources for
HAp synthesis using precipitation route in aqueous medium. They reported obtaining
different morphologies by controlling the preparation conditions including needle-,
rod-, sphere-, wire- and bamboo-leaf-like shapes.

2.2 Hydrothermal

The hydrothermal method also named solvothermal when the synthesis is performed
in organic solutions is considered as one of the most method for preparation of
pure and mono-dispersed homogeneous nanoparticles with high crystallinity. This
technique is similar to chemical precipitation; however, the maturation step occurred
in an autoclave, or in specific reactor, under pressure and temperature, which is
generally above the boiling point of water.

Lietal. [19] reported the preparation of HAp nanorods via hydrothermal method.
The particle size was controlled by different factors including the time of reaction
and the type of alkaline solution. After 8 h of hydrothermal treatment, the obtained
particles using NaOH solution supplying OH™, appeared in the form of rods having a
length in the range of 150-300 nm, as shown in Fig. 2a. However, belt-like particles
with lengths ranging from 600-1500 nm were obtained after increasing of reaction
time to 12 h, as presented in Fig. 2b. Contrarily, short nanorods of HAp (80—180 nm)
were obtained when ammonia solution was used to adjust the pH of solution after
8 h of hydrothermal treatment (Fig. 2c). In addition, decreasing time of reaction

(e)

i
NH;+OH™ ®
c-axis ©

Fig. 2 Scanning electron microscopy (SEM) of HAP using NH4OH to adjust pH of solution: a
hydrothermal treatment of 8 h, b 12 h, SEM image of HAP using NaOH to adjust pH of solution:
¢ hydrothermal treatment of 8 h, d 2 h, e schematic of mechanism of HAP particles. Reproduced
with permission from [19]. Copyright 2017, American Chemical Society
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to 2 h lead to formation of short nanorods of HAp (60-100 nm) (Fig. 2d). The
mechanism of controlled of size was explained by idea that NH,OH solution can
provide more stable alkalinity in the hydrothermal treatment because is volatilized
from the solution leading constant gas pressure. Therefore, OH™ was constantly
consumed and supplied in the reaction, which made a significant effect on the growth
of HAp crystal grain.

Qiao et al. [20] investigated the synthesis of hollow mesoporous carbonated
HAp microsphere under hydrothermal conditions using hollow mesoporous CaCO3
precursors. Firstly, the authors prepared hollow mesoporous CaCOj; precursors using
CaCl,, Na,CO; with different concentration sodium dodecyl sulfate (SDS) as a
surfactant. The morphology of CaCO3; was significantly affected by the concen-
tration of SDS, as illustrated in Fig. 3a—d. The increasing of SDS concentration from
1 mgmL~! to 10 lead to the increasing of size of microspheres from around 2 mm to
more than 5 mm. In addition, the hollow space in the spheres was also expanded. The
preparation of HAp microspheres with different CaCOs is presented in Fig. 3i. The
obtained hollow CaCO; precursors were mixed with Na, HPOy, and the pH of mixture
was adjusted with 0.2 M of NH4OH solution until pH 11. Finally, the mixture was
transferred into a Teflon-lined stainless steel autoclave for a hydrothermal reaction at
180 °C for 24 h. The morphology of as-prepared HAp samples showed microspheres-
type morphology with a hollow space in the core of microspheres (as observed in
Fig. 3g-h). Furthermore, the mesoporous structures were confirmed by nitrogen
sorption method. The pore structures in the microspheres increased with increase of
concentration of SDS. The pore size distribution obtained using BJH method was
in the range of 3—-100 nm. The increasing of SDS concentration from 1 mg/mL to
10 mg/mL lead in increasing of the surface area from 17 m?/g to 25 m?/g, respec-
tively. The different morphology of HAp microspheres was tested in the drug release
properties in a pH dependent manner.

2.3 Sol-Gel Method

Among the alternative methods, sol-gel involve atomic level molecular mixing,
providing control of composition and chemical homogeneity [21]. This technique is a
representative of wet chemistry to prepare variety of materials with high purity using
low synthesis temperature [22-24]. The general route to prepare HAp via sol-gel
necessitates an exact molar ratio of 1.67 between calcium and phosphorous sources.
Various starting materials may be used in the synthesis of HAp via sol-gel including
calcium dioxide (CaQO), calcium nitrate (Ca(NO3),), calcium diethoxide (Ca(OEt)
or calcium acetate (Ca(C,H30,);) as calcium precursors and triethyl phosphite
((C,H50)3P), triethyl phosphate (PO(OEt);) phenyldichlorophosphite (C¢HsPCl)
or phosphonoacetic acid (HOOCCHPO(OH)) as phosphorous precursors [24-27].
For instance, Liu et al. [24] used tiethyl phosphite to synthesis the phosphorus sol
by hydrolyzing the phosphite in a mixture of ether/water or ethanol/small quantity of
water, followed by addition in a fast manner of calcium precursor. The results showed
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Fig. 3 SEM micrographs with inserted TEM images for CaCO3 precursors of a A-CHAM (SDS
= 1mg/L), b B-CHAM (SDS = 2.33 mg/mL), ¢ C-CHAM (SDS = 4.66 mg/mL) and d D-CHAM
(SDS = 10 mg/mL); SEM micrographs with inserted TEM images showing the morphology of e
A-CHAM, f B-CHAM, g C-CHAM and h D-CHAM (scale bar = 1 mm), i Schematic diagram
showing the synthesis of hollow mesoporous carbonated HAp microsphere (CHAMs). Reproduced
with permission from [20]. Copyright 2017, Royal Society of Chemistry

that pure HAp phase was formed at low temperature of 350 °C. The ethanol-based
method appears to provide thermally stable HAp. However, calcium-deficient apatite
was formed using water. The authors also reported the preparation of porous HAp
coating by deposition of gel onto a Ti metal substrate. Conversely, Brendel et al.
[28] prepared HAp using calcium nitrate and phenyldichlorophosphine as initial
compounds. The resulting HAp product obtained at 400 °C show poor degree of
crystallinity and low purity. Nonetheless, the increasing of calcination temperature
up to 1000 °C can promote the formation of pure and crystallized HAp phase.
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Fig. 4 HAp particles” SEM micrographs and particle diameter distribution. Hydrothermal reaction
conducted at pH = 5.20 ai 6 h, bi 16, ci 24 h and di particle diameter distributions; Hydrothermal
reaction conducted at pH = 7.50 aii 6 h, bii 16, cii 24 h and dii particle diameter distributions;
Hydrothermal reaction conducted at pH = 13.70 aiii 6 h, biii 16, ciii 24 h and diii particle diameter
distributions. Reproduced with permission from [1]. Copyright 2012, American Chemical Society

Fig. 5 TEM images of HAp particles prepared by microwave assisted method using SLES and
(b) LABS surfactants. Reproduced with permission from [29]. Copyright 2014, Royal Society of
Chemistry
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In another study, Costa et al. [ 1] developed novel method based on combining sol—
gel and hydrothermal process for preparation of micro and nanoscale HAp particles
with different morphologies. The gel was prepared using similar method to that
developed by Liu et al. [24]. The obtained dried amorphous calcium phosphate
(ACP) gel was suspended in different initial pH of aqueous solution (5.2, 7.5 or 13.7).
Finally, for each aqueous solution with different pH were subjected to hydrothermal
treatment for a period of 6, 16, or 24 h. The results indicate the formation of small
nanorods with diameters of 30 nm at pH of 5.20 and hydrothermal treatment of 6
and 16 h (Fig. 4ai-biai-bi). However, increasing time of reaction to 24 h resulted
in increasing of particles diameter to 300 nm, as shown in (Fig. 4ci). When the
suspension’s initial pH increased to 7.50, the particles’ diameter exhibited a decrease
compared to particles synthesized under pH of 5.2. Short nanorods-like morphology
was obtained by Six hours of hydrothermal treatment (Fig. 4aii, diiaii, dii). Nanowire-
like morphology was produced via the extention of hydrothermal treatment to hours
(Fig. 4bii and diibii and dii). In contrast, extending time of reaction to 24 h resulted
in an increase in particle diameter (Fig. 4dii). However, the particle diameter was
found to decrease, when initial pH of suspension was increased to 13.70 (ranging

2.4 Microwave-Assisted Method

Microwave-assisted methods is considered as an emerging new approach for the
synthesis of homogenous size, porosity and morphology of HAp nanoparticles. This
process can be described as chemical precipitation occurring with microwave heating.

Amer et al. [29] studied the fabrication of mesoporous HAp using two anionic
surfactants (linear alkylbenzenesulfonate (LABS) and sodium lauryl ether sulfate
(SLES)) via microwave-induced reaction.

The TEM images of prepared HAp using SLES (Fig. 5a) and LABS
(Fig. Sb)surfactants showed rod-like nanoparticles. Authors also investigated the
outcome of using LABS and SLES as template for HAp nanoparticles’ synthesis,
the surface area was found to increase from 30 m? g~! for pristine HAp to 48.26 and
60.6 m? g~! using SLES and LABS surfactants, respectively. The pore formed after
removal of surfactants was calculated using BJH method was around 35 nm, which
confirm the formation of mesoporous HAp materials.

In another research study, which used microwave-induced hydrothermal reaction
to fabricate hierarchically nanostructured porous hollow spheres of HAp [30]. The
authors used organic phosphorus source and calcium chloride. The structural char-
acterization of materials using XRD showed that all the peaks were characteristics
of single-phase HAp. The surface area was 87 m?/g and pore diameter of 20.6 nm,
which is characteristic of mesoporous material. The authors also studied the effect
of using organic phosphorus source by SEM and TEM analysis. By using Na,HPO,
as an inorganic phosphorus source, a mixture of nanosheets nanorods were found
as displayed in Fig. 6a-b. However, hierarchically assembled into nanostructured
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100 nm

1000 nm

Fig. 6 HAp particles’ SEM and TEM micrographs obtained by microwave-induced hydrothermal
technique. Reproduced with permission from [30]. Copyright 2013 Wiley and Sons

porous spheres morphology was obtained using another P source which was creatine
phosphate, as shown in Fig. 6¢c a—d. These reported findings highlights that the P
source takes part in the final HAp’s morphology.

3 Proprieties

3.1 Crystalline Structure

Hydroxyapatite is considered as a calcium phosphate having a formula of
Caj9(PO4)(OH),, which has a stoichiometric Ca/P ratio of 1.67 and crystallizes
in the hexagonal phase with P63/m space group and lattice parameters a = b =
9.432 A, and ¢ = 6.881 A (JCPDS No. 09-432) [31]. The unit cell of HAp is
composed by calcuim (Ca®*) and phosphates (PO,4>~) and can be represented by
Ca(I)4 Ca(I)¢(POy4)s(OH),. In fact, as represented in Fig. 7, the Ca (I) sites are hexa-
coordinated with oxygen coming exclusively from the phosphate groups. Conversely,
the Ca(Il) sites are coordinated with seven oxygen atoms, one of which is that of a
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Fig. 7 Projection showing the sequence of octahedral: [Ca(I)O¢] and [Ca(II)O¢] and tetrahedral
[PO4] in the HAp structure drawn using VESTA software

hydroxyl group. In addition, HAp can also exist in another form, that is the mono-
clinic phase with P2,/b space group and lattice parameters a = 9.4214 A, b = 2a A
and ¢ = 6.8814 A (JCPDS No. 76-0694) [32]. This form is known to be the most
ordered and thermodynamically stable even at room temperature. The orientations
of OH groups are the main disctinction between HAp’s hexagonal and monoclinic
phases. In the case of HAp with a hexagonal structure: the OH groups occur in
columns on the screw axes, and the adjacent OH point in opposite directions. On the
other hand, in monoclinic phase, all of the OH in a given column are pointed in the
same direction, and the direction reverses in the next column [32].

3.2 Substitution Properties

One important propriety of the apatite lattice is its flexibility, which give it great adapt-
ability in terms of substitution ability both in the calcium site and in the phosphorus
or hydroxyl site.

3.2.1 Cationic Substitution

In the apatite structure, calcium sites with ionic radius of 0.99 A can be doped or
substituted by various metals whose size and charge may be different from that of
Ca®*. For example, (i) monovalent cation (Na*, K*, Ag* and Cs™*) (ii) divalent cation
(Ni%*, Co**, Cu?*, Sr2+ and Cd?*) (iii) trivalent cation (Fe* and La®*) (iv) tetravalent
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(Ti** and Zr**), and (v) pentavalent cation (Ta>*, V>* and Nb>*) or vacancies [33-36].
However, not all cations can be substituted with the same facility and quantity, which
is depended on the ionic radius and charge of cation [37-39]. It is acknowledged in
the state of the art that cations with a radius larger than Ca* such as Sr**, Ba>* and
Pb?* prefer to be incorporated in Ca(II) site. In contrast, cations with small radius
including Zn?*, Mg?* prefer to occupy Ca(l) site [40]. The cationic substitution in
hydroxyapatite can be induce changes in characteristics such as lattice parameters,
crystallinity, particles size, thermal stability, textural and acid-base properties [41,
42]. Consequently, this makes it possible to consider materials for wide range of
applications in various fields.

3.2.2 Anionic Substitution

The HAp material can also be substituted in anionic site with the total or partial
substitution. For example, the hydroxyl site (OH™) can be replaced by monovalent
ions such as F~ and C1~ without loss of charge. The carbonate ions (CO3%) can be
inserted into apatite framework in two types of anion positions OH- and PO4*~ i.e.,
the substitution in OH~ position known as A-type and in PO,3~ position as B-type
carbonated apatites [43]. The B-type substitution is most preferred when the A/B
ratio is between 0.7-0.9 [44].

Divalent, trivalent or tetravalent groups such as HPO4>~, CO32~, SO,2~, VO43~,
AsO43~, MnO,>~ and SiO,4*" etc. can also substitute in PO,3~ [45, 46]. The replace-
ment of phosphate ions by other anions with different charges can cause imbalance
charge, which must be accompanied by charge compensation. Indeed, the charge
equilibrium is achieved by the formation of vacancies in both hydroxyl and calcium
sites. In contrast, the existence of apatite with the presence of vacancies in PO4*~
sites has never been reported in the literature [47]. These phosphates are the largest
groups of apatite structure and appear to be necessary for its stability. As example
the illustration of substitution of PO43~ groups by HPO4>~ and SiO4>~ are given
below:

e Substitution of PO, by HPO,>~ leads to the formation of vacancies
in the Ca> and OH~ sites. The formula of this apatite is as follows:
Ca0x0x(PO4)6-x(HPO4)x(OH)2 Ox.

e Substitution of PO,3~ by SiO4*~ is accompanied by decreased in the hydroxyl
content to obtain HAp with formula Ca;o(PO4)e x(SiO4)x(OH),Ox.

The substitution of PO,4>~ groups by other ions offer the possibility to modify the
chemical properties of HAp, for example, the substitution by carbonate modify the
acid-base proprieties and the substitution with vanadate can improve redox properties
[48, 49].

As conclusion, the ionic substitutions of HAp can cause the modifications in
lattice parameters, thermal stability, decrease in crystallinity and particle size, which
can induce modifications of the surface properties.
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3.3 Thermal Stability

The high thermal stability of materials is becoming an important property for several
applications. Hydroxyapatite exhibited a good thermal stability, which is depends
on several parameters including stoichiometry, substitution and synthesis conditions
[50, 51]. From the data shown in Fig. 8, the precipitated HAp exhibits outstanding
thermal stability (up to 800 °C in air). It has been reported that HAp material exhibit
two to four stages of weight loss [52]. The first one in the temperature range of 25—
200 °C assigned to the removal of physically adsorbed water without any effect on
the lattice parameters. The second weight loss at temperature between 200—400 °C,
attributed to the removal of lattice water, which causes a contraction in the a-lattice
dimension during heating. At high temperature, the sintering of HAp will lead to a
partial loss of OH, this process namely dehydroxylation which occurs at temperatures
at about 900 °C in air atmosphere according to the following reaction (3) [53-55]:

Ca;o(PO4)6(OH), — Cajo(POy4)s(OH),_»,040x + xH,O 1 3)

where 0x is a hydrogen vacancy.

The hydroxyl ion deficient product is a metastable crystal phase called oxyhy-
droxyapatite (OHAp) with the formula Ca;o(PO4)s(OH),-2xOx0x with 0 vacancy and
x< 1.

At very high temperatures, two OH combine to form one molecule of water,
leaving a peroxy ion (O*~) in the lattice and OHAp begins to decompose into other
phases, following reaction (4) and (5) [56-58]:

Caj(PO4)¢O — 38-Caz(POy), + CaO + H,O @)

Temperature/°C
O 200 400 600 800 1000 1200 1400 1600
PR PERTRra | i | I—— L P PR | PRI

Fluorapatite 1660 'C @
Chlorapatite | Hexagonal - monoclinic 1530 °C @
Hydroxyapatite [ Denysroxyiation | Decomp. |
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Carbonated Ap:
(A-type) | CO, loss I
(B-type)| | CO, loss, decomposilion |
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Fig. 8 Apatites thermal stages including FAp, ClAp, HAp, CO3Ap, BioAp, displaying a loss of
structural groups, phase change (ClAp), decomposition or melting (indicated by a black circle).
Reproduced with permission from [52]. Copyright 2012 Springer Nature
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Calo(PO4)6O — 2a—Ca3 (PO4)2 + Ca4P209 + Hzo (5)

3.4 PH Stability

The stability of HAp in a wide range of pH solution is another very important property.
Kamieniak et al. [59] investigated the effect of the pH solution in the structural,
textural and morphological proprieties of HAp. First, the authors confirmed that no
morphological changes to the HAp in the acidic or alkaline conditions. In addition,
XRD and FTIR spectroscopy show that hexagonally HAp structure was preserved
by an exposure to aqueous buffer solution over the pH range of 2—12. However, the
surface area of materials was strongly affected. The surface area increases in acidic
media and decreases in basic media. The decrease in surface area at pH > §, can
be explained by higher concentrations of OH™ ions in the surface of HAp, which
may be cause some agglomeration of particles during the drying step, resulting in
reduction of surface area. On the other hand, the solubility of HAp was studied by
Bell et al. [60], the result indicate that solid HAp was insoluble over the pH range
4.56-9.67.

3.5 Acid-Base Propriety

Although HAp has been frequently used as catalyst or a catalyst support material for
active phases for different acid—base reactions. This material exhibit both acid and
base sites, depending on the conditions in which it is synthesized. The Ca/P atomic
ratio of HAp play important role in acid—base adjustability in order to obtain the
desired function. Several research groups have shown that HAp with Ca/P < 1.67
acts as acid catalyst, while Ca/P > 1.67 acts as basic catalyst [61].

Hence, different studies have been carried out to identify the basic and acidic sites
of HAp that are responsible to its chemical reactivity. Diallo-Garcia et al. [62] used
diffuse reflectance infrared transform spectroscopy (DRIFTS) analysis to identify the
basic Lewis and Brgnsted sites of stoichiometric HAp using adsorption—desorption
processes of Lewis acid (CO,) and Brgnsted acid (acetylene C,;H;) molecules.

The results showed that hydrogenocarbonates (HCO3 ™) and surface carbonates
(CO3%) are formed during the adsorption of CO; (Fig. 9), which reveals the presence
of basic Lewis sites such as OH~ and O%~ of the PO,* groups, respectively (reaction
6 and 7).

CO, + OH™ — HCO; (6)

CO, + 0~ — CO3~ (7)
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Fig. 9 Adsorption modes of CO» and acetylene on the surface of hydroxyapatite, Reproduced with
permission from [62]. Copyright 2014 American Chemical Society

As for the acetylene probe, which was used to study Brgnsted basicity, three
non-dissociative adsorption modes of acetylene on the HAp surface were observed:

e Tm-type interaction with acidic P-OH
® An interaction with an acid-base pair (POH-OH),
e An interaction of type ¢ with OH™.

On the other hand, the acidic sites are likely to be involved, two types can be
considered, Lewis acid sites, which are calcium ions (Ca*), and Brgnsted acid sites
represented by P-OH.

4 Environmental Applications of Hydroxyapatite-Based
Materials

4.1 Molecule Adsorption and Separation for Wastewater
Remediation

4.1.1 Adsorption of Metals

Owing to the surge in industrial and mining activities, water contamination occur-
ring by heavy metals such as copper (Cu?*), lead (Pb**), mercury (Hg”*), cadmium
(Cd*"), zinc (Zn2*), etc., have caused a rise in human exposure to these toxic heavy
metals. These pollutants, even at low concentrations, are highly dangerous for human
beings, aquatic environment, and ecosystem as a whole [63]. Among the large variety
of adsorbents materials, HAp based materials have been considerably investigated for
removal of heavy metals ions from contaminated water via adsorption process. Owing
of advantages of HAp including non-toxicity, high adsorption capacity, thermal
stability and high stability over large pH range was expected as promising candi-
date for environmental application. The adsorption capacity of HAp was affected
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by several parameters including Ca/P stoichiometry, morphology, compositional,
textural and structural properties [64—67]. In this context, Campisi et al. [67] prepared
different HAp materials by precipitation method in aqueous solution with different
Ca/P atomic ratio of 1.67 and 0.9, namely, stoichiometric HAp (S-HAP) and Ca-
deficient HAp (d-HAP) and stoichiometric HAp precipitated from hydroalcoholic
solution (a-HAP). The results indicated that all prepared HAp materials “maintained
their high ability towards the Pb?* capture, even in binary metal solutions containing
both Pb?* and Cu?*. However, d-HAp is selected as the best adsorbent for elimination
of Cu* in water with removal efficiency of 93%, compared to the s-HAP and a-HAP
(74% and 80%, respectively). In binary system (presence of both Cu®** and Pb**),
d-HAP exhibited its high ability for adsorption of Cu?*, even in the presence of a
double concentration of Pb>* compared to its own. The structural, textural results for
adsorbents before and after adsorption tests suggest the two different mechanisms of
adsorption. The removal of Pb** occurs through a dissolution—precipitation mecha-
nism with formation of Pb;o(PO4)s(OH), phase, whereas Cu?* was immobilized by
surface complexations (Fig. 10a) involving Ca®* species with carbonate and hydroxyl
groups of HAP.

In another study, Guan et al. [68] suggested that the adsorption mechanism of
Pb?* from aqueous solution using HAp involves not only precipitation and surface
adsorption, but also incorporation, which depends on initial Pb** concentration. As
shown in Fig. 10b, the authors suggested the presence of three mechanisms for lead
uptake. At low concentrations of Pb>* (e.g., 0.1 mM), the lead was totally adsorbed
by surface functional groups of HAp. At medium concentration (0.5-5.7 mM), the
dissolution of HAp occurred which allows to generate hydroxyls ions to increase pH
of solution, thus generating a new metal phase precipitation (Pbs(PO4);OH, hydrox-
ypyromorphite) via either OH™ or PO4>~. However, at high Pb** concentrations (>
6.6 mM), ions exchange (incorporation of Pb* in the lattice) together with adsorption
contributed to the overall uptake mechanisms.

Several other studies have tried to introduce new functional moieties HAP surface
the enhancement of its adsorption capacity toward heavy metal ions [69-73]. For
example, Wang et al. [71] developed a new strategy to regulate the pore structure
and surface characteristic of esterified HAP (n-EHAP) nanocrystals. The authors
prepared n-HAp and esterified HAP via conventional precipitation method using
Ca(NO3),, 4H,0, (NH4),HPO,4, and 2-bromo-2- methylpropionate. The esterified
HAP exhibited the high adsorption capacity of 2397 mg/g for removal of Pb?* from
water compared to pristine n-HAp (284 mg/g).

In another study, Oulguidoum et al. [74] developed a potential adsorbent involving
the functionalization of HAp by sulfonate molecules. The modification of mate-
rials by sulfonic groups is well known as a powerful strategy to produce promising
adsorbents for metals uptake. The authors of this study prepared sulfonated HAp
material from natural phosphate via dissolution/precipitation approach. After disso-
Iution of natural phosphate by nitric acid solution, an aqueous solution of sodium
benzene-1,3-disulphonate (BDS) was added to the filtrate containing the calcium
and phosphorus precursors and the pH of mixture was adjusted to 10 by ammonia
solution. The sulfonated HAp exhibited adsorption capacities (qe) of 4.21 mmol g~!,
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Fig. 10 a HAp surface anions’ role on Cu* uptake through surface complexation mechanism,
Reproduced with permission from [67]. Copyright 2018 Royal society of chemistry, b uptake
mechanism of lead (Pb>*) by nano-sized HAp, Reproduced with permission from [68]. Copyright
2018 American Chemical Society

3.15 mmol g~ and 2.45 mmol g~! towards Zn?*, Cd** and Pb?*, respectively. Addi-
tionally, the sulfonated HAp exhibited antibacterial activities against E. coli and P.
aeruginosa bacteria.

Considering that integration of phosphate (PO4>~) functional groups plays a key
role in chelation of metals ions, Fang et al. [70] reported the preparation of zole-
dronate functionalized hydroxyapatite (zole-HAP) for heavy metals removal. In this
work, authors prepared (zole-HAP) via in situ precipitation (Fig. 11a). First, certain
amount of zole and (NH4),HPO,4 was added into distilled water, the mixture was
added drop by drop into CaCl, solution, the pH of mixture was adjusted to 10 by
dropping NH4OH. The presence of zoledronate in HAp matrix was confirmed by
the FTIR spectroscopy, which proves the presence of C=C, C=N and P-OH groups.
In addition, the cristallinity of HAp materials decreased as the added amount of
zoledronate increase. This result can be explained by the interaction of bisphos-
phonate anion with calcium atoms through a bidentate chelation of deprotonated
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Fig. 11 a Preparation of zoledronate HAp and its application in water treatment, Reproduced with
permission from [70]. Copyright 2020 Elsevier. b The isosurface of 8g inter (isosurface value = 0.01
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2020 Elsevier

oxygen atoms of zoledronate, or hydroxyl group (OH) of bisphosphonate to partly
form calcium zoledronate. The 10%zole-HAP material exhibited excellent adsorp-
tion capacity reached 1460.14 mg/g for Pb>* and 226.33 mg/g for Cu*, respectively.
The authors of this work suggested that adsorption mechanism of Cu?* involves
surface complexation and ion exchange, while dissolution—precipitation and surface
complexation may contribute more in the adsorption of Pb**.

Using the same protocol, Ma et al. [75] synthesized alendronate (AL) molecules
doped HAp. The Al-HAp composite doped with 10% of alendronate exhib-
ited maximum adsorption capacity for Cu®**, Cd**, and Pb** of 226.6 469, and
1431.8 mg/g, respectively. The adsorption mechanism was studied from the two
aspects including experiments and quantum chemical calculation based on density
functional theory (DFT). First, the authors of this work proposed mechanism of
adsorption of three heavy metal ions by measuring initial and final pH of solution as
well as concentration of Ca®* ions in solution after completing the experiment. The
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results show increase on final pH solution when pH of initial was below five, which
were mainly related to the release of OH™ and Ca*. However, when initial pH of solu-
tion was great than five, the final pH decreases to some extent after adsorption, which
indicate that adsorption mechanism of Me?* (Pb?*, Cu?* and Cd**) involve surface
complexation. Therefore, the possible adsorption reaction formula is as follows:
HAP-OH,) + Me** (,q) = HAP-O-Me** ) + H" 5). This result was also confirmed
by comparing XPS spectrums of adsorbent before and after experiment. The binding
energy of O 1 s of Al-HAp after adsorption shifted, which is due to the chelation of
a large number of oxygen-containing functional groups on the adsorbent surface to
heavy metal ions. In addition, using XRD no new crystal phases have been found
after adsorbing Cu?* and Cd** ions. However, new phase Ca,sPby5(PO4)¢(OH),
and Pb;(PO,)s(OH), appeared after adsorption of Pb>*. The results confirmed that
in addition to the surface complexation, the dissolution—precipitation occurred in
lead adsorption. Using the DFT calculations, the authors confirm that AL has strong
affinity with HAp (Fig. 11b, a’). The phosphonic acid groups of AL formed ionic
bond with Ca>* of HAP, and there were hydrogen bonds and van der Waals inter-
actions with the phosphate group of HAP. After adsorption of metal ions, there was
a strong a strong interaction among Pb?*, PO,3~ of HAP, HPO;~ of AL and Ca”*
(Fig. 11b, b'). Similar situation in the case of Cu®* but the interaction strength was
obviously weaker than that of the Pb** (Fig. 11b, ¢). Among them, Cd?* interacted
weakest with AL-HAP (Fig. 11b, d’). As conclusion, the interaction strength of AL-
HAP metal ions is Pb?* > Cu®* > Cd?*, which is correlated with the experimental
results.

On the other hand, various research and studies showed that polysaccharide
molecules can be used as promising candidate for the removal of a number of
heavy metals because of its chelating ability towards metal ions [76—80]. In this
regard, Manatunga and co-workers [81] designed a facile in-situ synthetic approach to
synthesize HAp nanoparticles polymer nanocomposites using chitosan (CTS @ HAP)
and carboxymethyl cellulose (CMC@HAP). The results of this study demonstrated
that these nanocomposites exhibited high adsorption capacity for Pb>* uptake. The
maximum adsorption capacity was found to be 625 mg/g (achieved in 3 min) and
909 mg/g (achieved in 30 s) using CMC@HAP and CTS @HAP, respectively.

In another paper, Saber-Samandari et al. [80] reported the synthesis of a cellulose
grafted polyacrylamide/hydroxyapatite composite hydrogel through a suspension
polymerization method. As shown in Fig. 12, the HAp material were embedded in
the hydrogel matrix through ionic crosslinking of species OH~, Ca®*, PO4*~ and
amide groups of acrylamide and/or hydroxyl groups in the cellulose backbone. The
prepared hydrogel exhibited a maximum adsorption capacity of 175 mg/g for removal
of copper ions from an aqueous solution.

The Table 1 summarizes some hydroxyapatite-based materials for heavy metals
uptake from aqueous solution with maximum adsorption capacity. Most studies on
HAp-based materials are at a preliminary stage of research, and there is a need of
research effort of this class of materials for actual wastewater containing multiple
pollutants.
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Fig. 12 Synthesis of cellulose grafted polyacrylamide/hydroxyapatite composite hydrogels.
Reproduced with permission from [80]. Copyright 2013 Elsevier

Table 1 Hydroxyapatite based materials for heavy metals removal

Adsorbent HAP-based materials Adsorbate Maximum Adsorption | Refs.
Capacity (mg-g )

HAP Ni%* 46 [82]

HAP Ni?*, Co** 186.6, 22,5 [83]

Nano-HAP (n-HAP) Pb2* 186.48 [68]

Mesoporous HAp Pb%*, Cd** and 181, 122, 81 [84]

Ni2+

Short rod HAP (rHAP) Pb2* 460.8 [64]

Flake-flower HAP (fHAP) Pb%* 188.7 [64]

Dandelion HAP (dHAP) Pb>* 819.7 [64]

Stoichiometric HAP (S-HAP) Pb%*, Cu?* 81,19 [67]

Porous HAP Ut 111.4 [85]

Nano Esterified HAP (n-EHAP) Pb>* 2397 [71]

Sulfonated-HAp (BDS-HAp) Zn%t, Cd?+, Pb2+ | 275.25, 354.09, [74]
507.64

Soledronate functionalized HAP Pb%t, Cu?* 1460.14, 226.33 [70]

(ZA-HAP)

Alendronate doped HAP (AL-HAP) Pb2*, Cd**, Cu®* | 1431.8,469.0,226.6 | [75]

Organophosphonate-modified HAp Pb%*, Zn>* 450, 300 [73]

(NTP-HAP)

Carboxylmethylcellulose @ HAP Pb2* 625 [81]

(CMC@HAP)

Chitosan @HAP (CTS@HAP) Pb%* 909 [81]

Fe3O4/hydroxyapatite/B-cyclodextrin -~ | Cd**, Cu®* 100.00, 66.66 [86]

Cellulose-graft-polyacrylamide/HAP Cu?* 175 [80]

hydrogel

Magnetic HAP/Agar composite beads | Pb>*, Co?*, Cu?* | 842.6, 105.1, 71.6 [87]
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4.1.2 Adsorption of Fluoride

In addition to pollution of water by phosphate and nitrate, the presence of fluoride
in water poses serious risks to human because long-term up taking of fluoride can
result in numerous health problems including as bone fluorosis. The World Health
Organization (WHO) classified fluoride as one of the contaminants of water for
human consumption [88]. To this end, the WHO established a strict standard for the
concentration of fluoride in drinking water of not exceeding 1.5 mg/L [89, 90].
Among of various reported materials used for fluoride adsorption, hydroxyapatite
based materials has attracted much interest due to their stability, non-toxicity and
biocompatibility without unfavorable effect on water quality. In addition, HAp can be
easily synthesized from natural phosphate and animal waste materials, which makes
it economically practical and vastly available. In this context, Smant et al. [91]
successfully synthesized HAp using Limacine artica shell as the starting material.
The as-prepared HAp material exhibited an adsorption capacity of 28.57 mg/g toward
F~ ion adsorption. The initial pH of solution played an important role on removal
efficiency of fluoride (Fig. 13). Consequently, in a high acidic medium the removal
efficiency of fluoride was found to be insignificant because the high concentration of
H™ favors the formation weakly ionized HF, subsequently generating HF,~ and H,F*
through homoassociation (3 HF — HF,™ + H,F"). In addition, below pH 4.8 the
formation of soluble Ca(OH), and a stable di-calcium phosphate in aqueous phase
decreased the amount of solid HAp. The increase of pH from 2.1 to 6.3 has positive
impact on fluoride removal efficiency. HAp adsorption been purely electrostatic in
nature, this result can be explained by interaction of fluoride ion with protonated
OH groups of HAp (F~---OH,* interaction). However, the increase in pH below six
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Fig. 13 Adsorption mechanism of F~ ions using HAp. Reproduced with permission from [91].
Copyright 2017 Elsevier
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resulted in a decrease of fluoride removal efficiency. This result confirm that the
adsorption process did not depend merely on the surface charge of HAp, which was
positive at pH below pHzpc 8.128 due to the prevalence of =CaOH,* species and
negative above pHzpc due to the predominance of =PO~ species. The driving force
for adsorption of a negatively charged fluoride ion on HAp surface could be attributed
to several factors like, ion pair formation (F~...OH?*), H-bonding (F~...H...0) and
ion exchange (F~ will exchange OH™).

In another study, Tomar et al. [92] reported the synthesis of a hybrid adsorbent
based on hydroxyapatite modified activated alumina (HMAA) prepared the disper-
sion of HAp nanoparticles inside activated alumina granules. The experiments of this
study was carried in batches and as well as column mode. The maximum adsorption
capacity of HMAA composite was 14.4 mg/g, much higher than that of activated
alumina, demonstrating a synergy effect between HAp and activated alumina toward
fluoride removal from contaminated drinking water. More importantly, the adsorbent
exhibited a potential for reuse over multiple cycles without any appreciable loss in
its removal capacity over repeated use.

In fact, the application of HAp in adsorption columns is limited because of its
powder form. In recent years, an efficient approach to synthesize new composites to
overcome the above issues has been achieved, by integrating inorganic HAp material
with other functional polymeric materials, which have synergistic advantages toward
fluoride adsorption. For example, Pandi et al. [93] synthetized HAp encapsulated with
alginate polymer to form beads hydrogel. Firstly, the authors prepared HAp powder
through co-precipitation method. Subsequently, the prepared HAp material and algi-
nate polymeric gel were fully mixed together and then kept for 3 h under stirring.
The homogeneous HAP-Alg mixture was dropped into LaCls, 7H,0 solution for
crosslinking. The as-prepared composite exhibited adsorption capacity of 3.72 mg/g
for fluoride uptake. In addition, the authors study the effect of presence of other
anions in solution like Cl—, NO52~, SO,%~, and HCO;~. The mentioned results
demonstrated that the presence of anions like like CI—, NO32‘ and SO42~ would
not have a significant negative effect on the fluoride uptake capacity. However, the
presence of HCO;3 ™~ ions decreased the adsorption capacity, because the increase in
solution pH simultaneously reduces the active sites for fluoride sorption.

In summary, Table 2 presents the maximum adsorption capacity, and fluoride
concentration range for the adsorption of fluoride by hydroxyapatite based materials.

4.1.3 Adsorption of Organic Pollutants

Toxic organic pollutants such as dyes, phenols, antibiotics, pesticides and emerging
pollutants are discarded into wastewater as byproducts of several industrial activities.
These pollutants are toxic, carcinogenic and cause several environmental problems
to our environment. Figure 14 represents the chemical structure of some organic
pollutants. Different treatment methods were applied for the removal of different
organic pollutants in water such as coagulation, precipitation-flocculation, membrane
filtration, reverse osmosis, ozonation, etc. These technologies assure great results,



76

Table 2 Hydroxyapatite based materials for fluoride removal

A. Amedlous et al.

Adsorbent HAP-based | Fluoride concentration | pH Maximum adsorption | Refs.
materials range (mg/L) capacity (mg g ~!)

HAp derived from 10 6.3 28.57 [91]
Limacine artica shells

HAp derived fromegg | 10 6 223 [94]
shells

HAp derived from 10-50 2-11 19.74 — 40.81 [95]
phosphogypsum

nanosized HAp 50 5 3.44 [95]
non-calcined synthetic |5 7 4.38 [96]
HAp

Alumina-modified 5-10 7 32.57 [92]
hydroxyapatite

CTAB coated HAp 10 3 9.36 [97]
powder

cellulose@HAp 10 6.5 4.2 [98]
nanocomposites

Alginate@HAp 10 5 3.72 [93]
composites

Chitosan@HAp 10 3 1.56 [99]
composites

HAp/Chitin composites | 10 7 2.84 [100]

but limited efficiency in the removal of organic pollutants at low concentrations
[101]. In this context, adsorption process have been extensively investigated for
water remediation with low concentration of pollutants. In addition, the adsorption
is a low cost technique, simple and energy considerations [102]. In this section, we
will discuss and compare recent developments on the adsorption organic pollutants
from water using HAp and HAp-based materials.

Organic Dyes

Water pollution by organic dyes has set off a universal threat because they are
damaging the aesthetic nature of the environment. In addition, these toxic substances
can damage fish and wildlife, resulting in long-term ecological effects. Various mate-
rials have been studied to remove dyes from wastewater such as porous carbon, clay,
zeolite and metals oxides [103—105]. Hydoxyapatite based materials have also been
investigated in the adsorption of different cationic and anionic dyes. Regarding Congo
red (CR) adsorption, Chahkandi et al. [106] reported the elaboration of hydrox-
yapatite nanoparticles via alkoxide-based sol-gel method, which showed an effi-
cient adsorption of CR from aqueous solution (Fig. 15a). The as-prepared material
exhibited maximum adsorption capacity of 487.80 mg/g, which was probably due to
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Fig. 14 Chemical structures of the most pollutants removed from water by HAp based materials.
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the electrostatic interaction between the positive charge of Ca>* ion and negatively
charged SO32~ groups of Congo red molecule as well as hydrogen bonding of amine
group and phosphate groups in surface of HAp (Fig. 15b).
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In another study, Mehri et al. [107] reported the preparation of hybrid materials
by grafting biogenic monoamine in the surface of HAp. The hybrid Tyramine-HAp
material were prepared by in situ hydrothermal method in the presence of different
amounts of tryamine molecules. The FTIR spectroscopy analysis of HAp and modi-
fied HAp showed the presence of vibration bands of PO43~ group of apatite and new
absorption bands was observed after tyramine functionalization. In addition, from
the XRD patterns, the hexagonal crystal structure of HAp was found to be preserved
after tyramine grafting. However, a loss of crystallinity with increasing the tyra-
mine amount was observed. Furthermore, solid-state NMR spectroscopy analysis
was given in the paper to further confirm the successful grafting of tyramine in the
apatite structure. The reported 3' P NMR-MAS results demonstrated the presence of
tyramine did not alter the crystallographic site of apatite phosphorus (PO4>~). In
addition, using "H MAS-NMR they observed the presence of additional resonance
signals at 1.35 ppm (not detected in the HAp), which represents signal from proton of
—CH, groups of tyramine, added in matrix after HAp surface grafting. The reported
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hybrid organoapatite material (2Tyr-HAP) with 4.8% weight of Tyramine showed
maximum adsorption capacity of 12.55 mg/g for removal of MO in aqueous solution.

In another work, Wang et al. [108] described a combination of humic acid with
biowaste-derived HAp for highly efficient removal of methylene blue (MB) from
aqueous solution. The HAp was prepared from eggshell waste as calcium source.
The prepared HAp material was then impregnated with humic acid (HA) at pH 5
through adsorption process. The amount humic acid loaded onto HAp was calculated
and found to be 118.7 mg/g. As presented in Fig. 16a, the XRD patterns of synthetic
HAP, biogenic HAp (bHAP) and humic acid modified bHAP (HA-bHAP) show all
characteristic peaks of hexagonal HAp crystal structure. The biogenic HAp exhibited
a poor crystallinity compared to synthetic HAp, which probably due to the carbonate
incorporation in bHAP. The FTIR spectra of bHAP and HA-bHAP (Fig. 16b) displays
all characteristic peaks for PO.3~ (473, 565, 603, 962, 1043 and 1092 cm™ '), OH~
(629 and 3567 cm™!), adsorbed water (1637 and 3420 cm™!) and CO3>~ ions (876,
142 and 1458 cm~') which indicated the incorporation of carbonate ion in synthesized
pure HAP. Additionally, in the case of humic acid modified bHAP, new additional
peaks at 1608 and 1701 cm™! were observed, which assigned to C=0 vibration bond
in carboxylic salt and free carboxylic acid, respectively. Authors investigated the
comparison of bHAP and HA-bHAP for MB removal (Fig. 16c). The results showed
that HA-bHAP exhibited higher adsorption capacity (131.72 mg/g) towards removal
of 200 ppm of MB compared to unmodified bHAp, which was only 14.27 mg/g.
The difference of the adsorption capacity HAP and HA-bHAP was probably due to
negative charge of HAp surface after modification with humic acid. The maximum
adsorption capacity of MB using HA-bHAP was 393.47 mg/g. Furthermore, the
feasibility for adsorption of other cationic dyes such as malachite green and crystal
violet using HA-bHAP was also investigated. The results in (Fig. 16d) indicated that
HA-bHAP also exhibited excellent performance for these cationic dyes.

Guan et al. [109] developed polyalcohol-coated HAp nanocomposite from D-
fructose-1,6-phosphate trisodium salt octahydrate (DFP) and calcium nitrate via
simple hydrothermal process. The XRD pattern showed hexagonal HAp as unique
crystalline phase (Fig. 17a). The reported '*°C NMR CPMAS results (Fig. 17b)
demonstrated the opening of the fructose rings and formed mostly alcohol groups
as proven by the absence of a 103 ppm signal and the presence of peaks in the
range 60-80 ppm. In addition, the reported >'P NMR CPMAS (Fig. 17¢c) show one
isotopic signal at 2.2 ppm suggesting the presence of one that the phosphate groups
of DFP in the prepared HAp. Based on these analyses, the authors schematized the
polyalcohol-coated HA nanocomposties as represented in Fig. 17d.

The produced Hap-based adsorbent was evaluated to remove methyl orange,
congo red and methyl blue, from water. Based on the Langmuir model, the maximum
adsorption capacity towards methyl orange, congo red and methyl blue was 14.7,
170.7 and 379.1 mg/g, respectively. The high adsorption capacity could also be
attributed to the high surface area of composite (203.2 m?/g).

In summary, Table 3 provides the adsorption capacity of various HAP adsorbents
for the removal of different dyes.
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Table 3 Hydroxyapatite based materials for dyes removal

Adsorbent HAP-based Dye Type of Dye | Maximum Refs.
materials Adsorption
capacity (mg g
-1

HAP Congo red Anionic 487.80 [106]
Magnetic carbonate Methylene blue Cationic 546.40 [110]
HAp/graphene oxide
Tyramine-HAp Methyl orange Anionic 12.55 [107]
Hide Methylene blue, Cationic, 3.8, 168, [108]
substance/chitosan/HAp sunset yellow, industrial 496, 477, 488,

Orange-NR, dyes 274

RedVLN,

Blue-113,

Green-PbS
Humic acid modified Methylene blue Cationic 393.47 [111]
biogenic HAp
Nano-hydroxyapatite Acid Blue 113 Anionic 29.52 [112]
polymeric hydrogels
HAp derived from egg Reactive Yellow 4 | Anionic 127.9 [113]
shells
polyalcohol-coated Methyl orange, Anionic, 14.7,170.7, 379.1 | [109]
hydroxyapatite Congo red, Methyl | Anionic,

blue Anionic
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Phenolic Compounds

Phenol and phenolic compounds generated from the discharge of chemical indus-
tries are very toxic even at low concentration. Hence, its removal from waste water
is considered as a prime filed of research, especially with the existing environ-
mental laws [7]. In this context, numerous technologies have been considered to
eliminate these toxic pollutants from water (i.e. oxidation with ozone/hydrogen
peroxide, coagulation-flocculation, biological methods, electrochemical oxidation,
reverse osmosis and photocatalytic degradation) [114]. Among these technologies,
adsorption process remains the best, as it can generally remove all types of phenols,
and the effluent treatment is convenient because of its simple design and easy
operation [115]. Strong research efforts have been devoted to materials adsorbent
for phenol contaminated water treatment. In particular, hydroxyapatite has been
proposed for the removal of a wide range of phenolic compounds in water. Lin et al.
[116] investigated the removal of phenol in aqueous solution using HAp nanopow-
ders. The study was carried out at several pH values. The increase of pH to high-
acidity or to high alkalinity resulted in the increase in the phenol adsorption capacity.
In a low pH values, the HAp would be protonated and became positive which led to
donor—acceptor interactions between the aromatic rings of the phenol. However, at
high pH values of alkalinity, the phenol would be ionized in solution and this led to
increase in the ionic strength. The maximum phenol adsorption capacity was obtained
as 10.33 mg/g for 400 mg/l initial phenol concentration at pH of 6.4. In another
report, Bouiahya et al. [117] prepared alumina-hydroxyapatite (Al-HAP) composites
via dissolution—precipitation of natural phosphate. Different amounts of aluminum
precursor was added to the mixture of Ca?>* and H;PO, prepared from dissolu-
tion of natural phosphate, and the pH of solution was adjusted to 10 by ammonia
solution NH4OH. After preparation and characterization of AI-HAP materials, the
authors evaluated its adsorption capacity to remove phenol in aqueous solution. The
monitoring of adsorption was carried out using UV—-visible spectroscopy at Apmax =
273 nm. As shown in Fig. 18a, the HAP exhibited a lower adsorption capacity for
removal of phenol; however, the phenol adsorption capacity increased with increase
of AI** content in the composites. These results can be explained by the change of
surface charge after adding of AI**. As schematized in Fig. 18b, the adsorption of
phenol on AI-HAp composites was due to the electrostatic interaction/or hydrogen
bonding between the negatively charged oxygen atoms of the OH groups in phenol or
ni-electrons of the aromatic nucleus and the protonated alumino groups (~AIOH;*)
of AI-HAP composites. The maximum adsorption capacity 56.43 mg/g of phenol
was obtained using 20Al-HAp composite with an amount of 11.4% of Al**. Table 4
recapitulate a few studies dealing with the adsorption of phenolic compounds using
HAP based materials.
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Table 4 Hydroxyapatite based materials for phenol removal

Adsorbent HAP-based Phenolic compound Maximum adsorption Refs.
materials Capacity (mg g ~1)

HAP Phenol 10.3 [116]
Ba substituted HAP Phenol 220 [118]
AlLO3-HAP Phenol 56.43 [117]
Cellulose nanofibrils/HAP | Phenol 64 [115]
films

Fe;04@HAP Phenol 18 [119]
Al,O3-HAP 2-cholorophenol, 9.59, 5.33 [120]

2-nitrophenol
Ceramic HAP foam Bisphenol A 76.5 [121]

Emerging Organic Pollutants

Water pollution by various emerging organic pollutants has proven to be a serious
environmental concern, since they may cause ecological or human health impacts
[122]. These emerging pollutants are persistent with high stable structure. The
common emerging organic pollutants are cosmetics, herbicides, pesticides and phar-
maceutical compounds such as antibiotics and drugs [122]. Among the different
emerging organic pollutants, the elimination of some commonly found compounds
in water have been studied using HAp based materials. For example, Li et al. [123]
reported Fe incorporated hydroxyapatite (Fe-HAp) for the removal of tetracycline
in water. Structural characterizations indicated the efficient incorporation of iron in
HAp structure. In comparison with pure HAP, the Fe-HAp with different amounts
of iron exhibited higher adsorption capacity for the removal of tetracycline from
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Fig. 19 Schematic illustration of TYL/SMX and Cu adsorption mechanism by nHAP@biochar.
Reproduced with permission from [124]. Copyright 2020 Elsevier

aqueous solutions. The maximum adsorption capacity of 45.39 mg/g was obtained
when 0.02Fe-HAP was used. The authors stated that the interaction of Fe-HAp
with tetracycline in the presence of humic acid was important for the efficiency of
adsorption. The presence of humic acid in solution improved the adsorption through
hydrogen bonding between carboxylic, phenolic hydroxyl groups of humic acid and
the electron-donors (-OH/O~, -NH,) of tetracycline. In addition, the presence of
positive surface charges of Fe™ species in HAp involves surface complexation with
the negative charges of the tetracycline. In another study, Li et al. [124] reported the
preparation of biochar stabilized by nano-hydroxyapatite (nHAP@biochar) toward
coadsorption of tylosin/sulfamethoxazole (TYL/SMW) and Cu 2* in aqueous solu-
tion. The adsorption capacity for tylosin and sulfamethoxazole was around 160 mg/g
and 140 mg/g, respectively. The authors used FTIR spectroscopy and XPS analysis
to study the mechanism of adsorption. Figure 19 illustrate the adsorption mechanism,
which was as follows:

e H-bonding may be the main interaction of TYL and SMX with nHAP@biochar
and weak -7 interactions for SMX.

e During adsorption, TYL/SMX-Cu complexes were formed.

e TYL might act as a bridge between Cu(II) and nHAP @biochar.

e Cu(Il) might act as a bridge between SMX and nHAP@biochar to form
nHAP@biochar-TYL-Cu and nHAP @biochar-Cu-SMX.



84 A. Amedlous et al.

Table 5 Hydroxyapatite based materials for removal of emerging organic pollutant

Adsorbent HAP-based | Emerging organic Type Maximum adsorption | Refs.
materials pollutant capacity (mg g ~1)

Fe-HAp Tetracycline Antibiotic | 45.39 [123]
Nano-HAP Oxytetracycline Antibiotic | 0.0326 [125]
nHAP @biochar Tylosin Antibiotic 160, 140 [124]

/sulfamethoxazole

HAP/Clay Tetracycline Antibiotic | 76.02 [126]
Biomorphic nano-HAP | Triclosan, Ofloxacin | Antibiotic 133.3,29.15 [127]
Nano-HAP Atrazine Pesticide | 0.00995 x 10~10 [128]

Similar adsorption mechanism was also obtained by et Yoan et al. [125] for co-
adsorption of oxytetracycline (OTC)/ metallic ion species onto nano-hydroxyapatite
(nHAP). Table 5 provides some studies dealing with the adsorption of emerging
organic pollutant using HAp adsorbents.

4.1.4 Oil/Water Separation

Oil/water mixtures’ management is considered as a challenging task, from an
academic and social stand point. The concerns regarding the environment and energy
have captured a global consciousness owing to the polluted environment especially
the aquatic one, ruined aquatic ecosystems and energy requests from petroleum
exploitation and reprocessing [129-131]. Numerous oil spill accidents have taken
place in the last decade causing catastrophic repercussions on the aquatic ecological
system and environment, such as the Gulf of Mexico in 2010 and Qingdao, China in
2013, etc. Furthermore, other industries also take part of this pollution owing to the
production of oily wastewater, especially in the form of oil/water emulsions, such
as pharmaceutical, chemical, petrochemical, metallurgical, food, textile and leather
industries [132, 133].

Generally, The standard methods to overcome oil spills are mainly focused on
the utilization of emulsion breakers, chemical dispersants, in situ burning, air flota-
tion, ultrasonic separation, coagulation and so on [134, 135]. Among them, adsorp-
tion/filtration techniques are considered as one of the most efficient approaches to
separate oil/water mixtures. Subsequently, the R&D aiming to explore highly efficient
oil/water separation materials have become an urgent need. In this context, oil adsorp-
tion materials with multifunctional properties have drawn extensive interest in recent
years. By controlling the surface wettability toward water and oil, high separation
efficiencies of superhydrophobic or superoleophilic materials can be achieved [136—
138]. From this angle, hydroxyapatite and nanostructured hydroxyapatite-based
materials as inorganic materials have attracted great attention in this field of water
decontamination offering interested properties, compared with organic materials,
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Fig. 20 a Illustrative representation of HAP/Fe3;O4/PDMS paper processing, b Oil/water
separation over the elaborated HAP/Fe304/PDMS, ¢ Oil/water separation experiments over
HAP/Fe304/PDMS (red: chloroform and blue: water). HAP/Fe3O4/PDMS paper superhydropho-
bicity stability following physical scarring: al wipe using a finger, b1 peeling using a tape, ¢l
scratch with a blade, d1 abrasion. a2, b2, ¢2, d2 Stability of water contact angle following physical
scarring. Reproduced with permission from [143]. Copyright 2018 American Chemical Society

including chemical stability, high thermal stability, fire resistance and infrequently
releasing toxic gas, etc. [139-142].

For instance, Yang et al. [143] reported the preparation of hydroxyapatite
(HAP)/Fe;04 nanoparticles modified with polydimethylsiloxane (PDMS) deposited
on paper which endow this later magnetic, fire retardancy and superhydrophobic
features (Fig. 20a, b). The prepared HAP/Fe;O4/PDMS paper exhibited promising
fire resistance, thermal and superhydrophobic stability (Fig. 20al—d2). Further-
more, the porous morphology and superhydrophobicity of the produced HAP-base
paper showed selective oil infiltration, high permeation flux and good recyclability
(Fig. 20c). In addition, the produced HAP/Fe;04/PDMS can act as a collecting tool
that can be magnetically driven to oil-polluted areas where it can be recovered easily
by a magnet.

In another study, Li and coworkers [144] proposed a route for the elaboration of
Kevlar fiber (KF) incorporated paper (SH) based on nanostructured hydroxyapatite
nanowires (HAPNWs), followed by its modification using long chain acid which is
stearic acid (STA). The KF and HAPNW s form a 3D porous morphology, thus immo-
bilizing TiO, nanoparticles, consequently enhancing the flexibility and mechanical
strength of the prepared composite paper. The produced HAP-based paper was used
to efficiently separate oil/water mixed solution owing to its supeoleophilicity. The
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Fig. 21 aneat HAPNWs SEM micrograph, b neat HAPNWs TEM image, ¢ nano-TiO SEM micro-
graph, d, e unmodified paper and SH paper SEM micrographs. f unmodified paper EDX mapping.
a’ Oil/water separation scheme, b’ dichloroethane/water separation experiments (dichloroetheane:
blue), ¢/ N-hexane/water separation experiments (N-hexane: red), Different oil/water mixture sepa-
ration over SH paper, €’ recyclability of the SH paper after several separation experiment with
dichloroethane/water. Reproduced with permission from [144]. Copyright 2019 Royal society of
chemistry

high and efficient oil/water separation was owned to the plentiful nanopores, excel-
lent capillary action and superhydrophobic properties of produced composite paper
(Fig. 21).

With the same state of mind, Lu and collaborators [140] reported an approach for
the manufacturing of highly hydrophobic (contact angle of 137°) and nonflammable
inorganic HAP-based paper via the preparation of nanostructured long HAP
nanowires. The high aspect ratio nanowires were elaborated using a precursor which
is calcium oleate. The produced HAP paper demonstrated interesting features such
as flexibility and non-flammability. The elaborated HAP nanowires-based paper
displayed promising performances in oil/water separation purposes; it exhibits high
adsorption capacities for various organic pollutants, for example, the HAP nanowiers-
based paper of revealed a high adsorption capacity of 7.3 g g~! for chloroform
(Fig. 22).

In the same manner, Chen et al. [141] reported the successful manufacturing
of sodium oleate modified hudrophobic HAP nanowires. They stated that the HAP
nanowires assembled into self roughened fibers during the filtration process, thus
constructing a layered structure on the paper. They also demonstrated that obtained
layered structure preserved the superhydrophobic feature owing to the enhancement
of the resistance to physical damage. The prepared HAP-based paper displayed repel-
lency to numerous liquids and self cleaning characteristic. Moreover, the authors
explored the potential application of the produced HAP-based paper as a effective
membrane for oil/water separation (Fig. 23).

Furthermore, Inorganic-based aerogels have aroused great interest owing to their
numerous qualities such as low cost, biocompatibility, non toxicity, etc. Generally,
aerogel-based materials offer outstanding features such as high porosity, low density,
and chemical inertness which make them promising candidate for oil removal from
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Fig. 22 a, b HAP nanowires SEM images. ¢ HAP nanowires TEM image. d HAP macro-fiber
obtained from a suspension of HAP wires in ethanol. e Calcium oleate XRD diffractogram. f—j
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adsorption capacities towards numerous organic pollutants. b’ HAP paper recyclability following
pentanol and chloroform adsorption. ¢’ Toluene/water separation experiment using HAP paper.
Reproduced with permission from [140]. Copyright 2014 Wiley and Sons

Fig. 23 al-dl water contact angle of sodium oleate modified HAP-based paper after different
physical destruction showing the stability of the deposited layered structure. a2—d3 SEM images of
the produced papr after different mechanical damages. e-i Oil/water separation experiment (cyclo-
hexane: red, water: blue,). j—n Repellency to different liquids including mineral water, tea, juice,
milk and coffee, respectively. Reproduced with permission from [141]. Copyright 2016 American
Chemical Society
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Fig. 24 a-c Freeze-dried HAP samples’ digital and SEM images. d—f HAP sample illustrative
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solvents. h Reusability of HAP aerogel for chloroform uptake. i illustrative representation showing
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cyclohexane (left) and chloroform (right). Reproduced with permission [145]. Copyright 2018
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oily water. Nevertheless, in most cases, they often possess poor mechanical properties
mainly a brittle characteristic, thus restricting their real application as membranes
of oil/water separation. In this matter, Zhang et al. [145] developed calcium oleate
modified hydroxyapatite (HAP) nanowire —based aerogel with excellent elasticity,
high porosity (porosity & 99.7%), ultralight (density 8.54 mg/cm?), and highly adia-
batic (thermal conductivity 0.0387 W/m K). The elaborated modified HAP aerogel
revealed great potential in oil/water separation. The elaborated hydrophobic HAP
aerogel displayed high absorption capacities for different oils and organic solvents
ranging from 83 to 156 times the weight of the aerogel with recyclability up to 20
cycles. The authors supported these results by two major explanations:

e The hydrophobic nature induced by the calcium oleate modification
e The presence of high porosity which gave birth to interconnected porous network
that furnishes a substantial capacity for oil/organic solvent absorption (Fig. 24).

4.2 Catalysis for Organic Pollutants Degradation in Water

Recently, oxidation processes including sulfate radical-induced degradation, photo-
catalysis, and Fenton reactions, using HAp based materials have attracted a lot of
scientific interest due to their high efficiency and reproducibility. The photocatalysis
processes initiated by single electron transfer resulting in the creation of reactive
species (‘O,, OH", and h*). In addition, hydrogen peroxide (H,0;), persulfate (PS)
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and peroxymonosulfate are also used in combination with HAp based materials to
produce highly reactive species (SO4"~ and OH") to boost organic pollutants’ degra-
dation and mineralization. In this segementnt, we’re going to be interested in the
comparison between different HAp based materials concerning organic pollutants
degradation in water.

4.2.1 Catalyst for H,O, and Peroxymonsulfate Activation

A very few studies reported the degradation of organic pollutants by catalytic activa-
tion of H,O, and PMS. For example, Das and coworkers [146] reported the prepa-
ration of Ni/HAP/CoFe,0, composite for degradation of organic dyes (methylene
blue and methyl orange) in the presence of H,O,. The magnetic composite showed a
degradation efficiency of 90% (methyl orange) and 99% (methylene blue) in 90 min.
in this study, the nickel supported on the hydroxyapatite play important role for gener-
ation of radical species (HO® and HOO"). The same group also reported the prepara-
tion of Zn>* supported onto the magnetic hydroxyapatite (Zn/HAP/MgFe,0y,). The
composite exhibited high catalytic activity for degradation of malachite green in the
presence of HyO, [147]. In the presence of H,O,, a removal efficiency (100%) of
malachite green was obtained in 2 min. Pang et al. [148] synthesized cobalt doped
hydroxyapatite via ion exchange method followed by calcination at 500 °C. The as-
prepared material was evaluated for PMS activation for Rhodamine B degradation.
The XRD result confirmed that Co species existed in HAP lattice structure and in form
of Co304 at HAP surface. The Co-HAP catalyst with 2% of cobalt species showed
a degradation efficiency of RhB reached 93.3% and total organic carbon removal of
17.5 within 12 min. The authors also evaluated the catalyst for the degradation of
other organic pollutants such as Orange acid 7 (AO7), Tetracycline hydrochloride
(TCH) and Levofloxacin (LFX). The degradation efficiencies of AO7 and LFX were
97.8 and 46.2%, respectively. Based on EPR and quenching experiments (Fig. 25),
radical (SO4°, HO") and non-radical ('O,) mechanism were involved in Co-HAP-
2/PMS system. Similarly, Song et al. [149] reported a strategy for simultaneous
cobalt removal and organic waste decomposition using HAP@Carbon. After Co**
adsorption using HAP@C, the resulting material was used for activation of PMS to
MB degradation.

4.2.2 Photocatalysis

In recent years, hydroxyapatite has been also used in the photocatalytic degradation
of organic pollutants in water. However, the stability and photocatalytic activity of
pure HAp remain unsatisfactory due to its insulating nature. For this reason, several
studies have tried to combined HAp with other photocatalytic materials to improve
its photocatalytic efficiency. In this regard, Bekkali et al. [150] reported the prepara-
tion of ZnO/HAp composites via dissolution—precipitation of natural phosphate. The
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as-prepared composites with different amounts of ZnO were evaluated for the degra-
dation of ciprofloxacin and ofloxacin antibiotics under exposure to UV irradiation. As
mentioned above, the pure HAp does not have photocatalytic activity. However, the
photocatalytic efficiency of HAp increased when it was combined with small amount
of ZnO. The degradation efficiency using 25ZnO/HAP for ciprofloxacin was 100%
in only 20 min (1 h min for ofloxacin). Few combinations with other photocatalysts
were also reported. For example, Xu et al. [151] prepared g-C3N4/HAp composites
via hydrothermal route and their application for the photocatalytic degradation of
tetracycline under UV irradiation. The porous hollow HAp microspheres decorated
with small amount of ultrathin g-C3N4 (1.5%) showed an excellent photocatalytic
activity, which was faster than those over pristine HAp and g-C3;N,. Importantly, g-
C3N4/HAp being cyclable, confirming its promising potential as an efficient photo-
catalyst. In another report, Zou et al. [152] used hollow HAp combined with red
phosphorous as photocatalyst for fast degradation of antibiotic pollutants (rifampicin,
tetracycline, and levofloxacin). The as-prepared material exhibits outstanding photo-
catalytic activity and stability, and has universal application for degradation of each
antibiotics. The radicals capture experiments using EPR analysis confirmed that the
superoxide radicals (O, "), hydroxyl radicals (OH") and hole (h*) were the main
active species in the photocatalytic degradation of the antibiotics.
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Fig. 26 a UV-Vis absorption of MB in solution containing 22.5 wt% HA/a-AgVO3 composite, b
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Very recently, Da Silva et al. [153] reported that the combination of a-AgVO3; with
HAP has led to enhanced photodegradation activity and antifungal activity. The as-
prepared composites were tested for the degradation of methylene blue under UV
light. The results showed that the photocatalytic performance of the a-AgVO3;/HAP
composite was significantly enhanced compared to pure a-AgVO3; or HAP under
the same conditions. The degradation constant rate (k) of 22.5 wt% a-AgVOs;/HAP
composite was 3.98 times higher than that of pristine a-AgVOs. The 22.5 wt% o-
AgVO3/HAP composite was able to degrade 85% of MB (1.10 mol L") in only
60 min (Fig. 26).

Table 6 summarizes the reported studies regarding the photocatalytic degradation
of organic pollutants using HAp and HAp-based composites.

5 Conclusions

Owing to the advances in materials science and nanotechnology, new materials have
been developed for several purposes. Among of various materials, hydroxyapatite has
gained considerable attention as biomaterials for several application such adsorption,
catalysis and photocatalysis. However, an in-depth understanding of the fundamental
chemistry of HAp is important. This book chapter systemically summarizes the
different routes of hydroxyapatite-based materials’ elaboration with a display of their
interesting characteristics and their use in pollutants’ elimination in water. The most
plausible field of application of HAp materials would be in adsorption of ions metals
and fluoride in aqueous solution. Therefore, some typical examples of HAp based
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Table 6 HAP and HAP based materials for photocatalytic degradation of organic pollutant

Adsorbent Pollutants, Type Time | Degradation | TOC Refs.
HAP-based concentration (min) | (%) removal
materials (mg/L) (%)
Fe(II)-substituted | Rhodamine B | dye 240 44.2 - [154]
HAP 5
g-C3N4/HAP Tetracycline, Antibiotic 15 100 91 [151]
50
Graphene Tetracycline Antibiotic | 30 100 85 [155]
oxide/HAP 60
Red Rifampicin, Antibiotic 10, 20, | 100 - [152]
phosphorus/HAP tetracycline, 50
levofloxacin
10
ZnO/HAp Ciprofloxacin, | Antibiotic |20, 60 | 100 - [150]
ofloxacin
a-AgVO3; /HAP Methylene blue | Dye 60 85 - [153]
CdS/HAP Tetracycline Antibiotic | 30 90.2 - [156]
50
Fe3;O4/HAP Diazinon insecticide | 60 75 - [157]
10
AgzPO4/HAP Methylene blue | Dye 20, 68, 99 - [158]
20 120

materials and their structure—property and applications for removal of inorganic and
organic contaminants in water were highlighted and discussed in detail. In addition,
operating HAp as a substrate to an active phase for oil-water separation, catalyst for
activation of various oxidants (H,O,, PMS) and as photocatalyst for degradation of
organic pollutants was also discussed.

Acknowledgements The authors express their gratitude to University Hassan II, Casablanca;
Moroccan Foundation for Advanced Science Innovation and Research (MAScIR); for their
commitment and encouragement towards young researchers’ to develop international works.

References

1. Costa DO, Dixon SJ, Rizkalla AS (2012) One- and three-dimensional growth of hydrox-
yapatite nanowires during sol-gel-hydrothermal synthesis. ACS Appl Mater Interfaces

4(3):1490-1499

2. Dorozhkin SV (2010) Bioceramics of calcium orthophosphates. Biomaterials 31(7):1465—

1485

3. LiuMetal (2014) Multifunctional hydroxyapatite/Na(Y/Gd)F4:Yb3+, Er 3+ composite fibers

for drug delivery and dual modal imaging. Langmuir 30(4):1176-1182



Hydroxyapatite-Based Materials for Environmental Remediation 93

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. Zhang P et al (2013) Ru—Zn supported on hydroxyapatite as an effective catalyst for partial

hydrogenation of benzene. Green Chem 15(1):152-159

. Meski S, Ziani S, Khireddine H (2010) Removal of lead ions by hydroxyapatite prepared

from the egg shell. J] Chem Eng Data 55(9):3923-3928

. Vila M, Sanchez-Salcedo S, Cicuéndez M, Izquierdo-Barba I, Vallet-Regi M (2011) Novel

biopolymer-coated hydroxyapatite foams for removing heavy-metals from polluted water. J
Hazard Mater 192(1):71-77

. Amedlous A, Amadine O, Essamlali Y, Daanoun K, Aadil M, Zahouily M (2019) Aqueous-

phase catalytic hydroxylation of phenol with H202 by using a copper incorporated apatite
nanocatalyst. RSC Adv. 9(25):14132-14142

. Amadine O, Essamlali Y, Amedlous A, Zahouily M (2019) Iron oxide encapsulated by copper-

apatite: an efficient magnetic nanocatalyst for N-arylation of imidazole with boronic acid. RSC
Adv. 9(62):36471-36478

. Essamlali Y, Amadine O, Larzek M, Len C, Zahouily M (2017) Sodium modified hydroxyap-

atite: highly efficient and stable solid-base catalyst for biodiesel production. Energy Convers
Manag 149:355-367

Mondal S, De Anda Reyes ME, Pal U (2017) Plasmon induced enhanced photocatalytic
activity of gold loaded hydroxyapatite nanoparticles for methylene blue degradation under
visible light. RSC Adv 7(14):8633-8645

Shariffuddin JH, Jones MI, Patterson DA (2013) Greener photocatalysts: Hydroxyapatite
derived from waste mussel shells for the photocatalytic degradation of a model azo dye
wastewater. Chem Eng Res Des 91(9):1693-1704

Liu W, Qian G, Zhang B, Liu L, Liu H (2016) Facile synthesis of spherical nano hydroxyapatite
and its application in photocatalytic degradation of methyl orange dye under UV irradiation.
Mater Lett 178:15-17

Nishikawa H (2003) Surface changes and radical formation on hydroxyapatite by UV
irradiation for inducing photocatalytic activation. J Mol Catal A Chem 206(1-2):331-338
Kottegoda N et al (2017) Urea-hydroxyapatite nanohybrids for slow release of nitrogen. ACS
Nano 11(2):1214-1221

Elhassani CE, Essamlali Y, Aqlil M, Nzenguet AM, Ganetri I, Zahouily M (2019) “Urea-
impregnated HAP encapsulated by lignocellulosic biomass-extruded composites: A novel
slow-release fertilizer. Environ Technol Innov 15:100403

Pang YX, Bao X (2003) Influence of temperature, ripening time and calcination on the
morphology and crystallinity of hydroxyapatite nanoparticles. J Eur Ceram Soc 23(10):1697—
1704

Wang P, Li C, Gong H, Jiang X, Wang H, Li K (2010) Effects of synthesis conditions on
the morphology of hydroxyapatite nanoparticles produced by wet chemical process. Powder
Technol 203(2):315-321

Kumar R, Prakash KH, Cheang P, Khor KA (2004) Temperature driven morphological changes
of chemically precipitated hydroxyapatite nanoparticles. Langmuir 20(13):5196-5200

Li H, Mei L, Liu H, Liu Y, Liao L, Kumar RV (2017) Growth mechanism of surfactant-free
size-controlled luminescent hydroxyapatite nanocrystallites. Cryst Growth Des 17(5):2809—
2815

Qiao W et al (2017) Biomimetic hollow mesoporous hydroxyapatite microsphere with
controlled morphology, entrapment efficiency and degradability for cancer therapy. RSC Adv
7(71):44788-44798

Owens GJ et al (2016) Sol-gel based materials for biomedical applications. Progress Mater
Sci 77:1-79. Elsevier Ltd.

Sanosh KP, Chu M-C, Balakrishnan A, Kim TN, Cho S-J (2009) Preparation and characteri-
zation of nano-hydroxyapatite powder using sol-gel technique. Bull Mater Sci 32(5):465-470
Bigi A, Boanini E, Rubini K (2004) Hydroxyapatite gels and nanocrystals prepared through
a sol—gel process. J Solid State Chem 177(9):3092-3098

Liu DM, Troczynski T, Tseng WJ (2001) Water-based sol-gel synthesis of hydroxyapatite:
process development. Biomaterials 22(13):1721-1730



94

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

A. Amedlous et al.

Ishikawa K, Garskaite E, Kareiva A Sol-gel synthesis of calcium phosphate-based biomate-
rials—a review of environmentally benign, simple, and effective synthesis routes. J Sol-Gel
Sci Technol

Gross KA, Chai CS, Kannangara GSK, Ben-Nissan B, Hanley L (1998) Thin hydroxyapatite
coatings via sol-gel synthesis. ] Mater Sci Mater Med 9(12):839-843
Grigoraviciute-Puroniene I, Stankeviciute Z, Ishikawa K, Kareiva A (2020) Formation
of calcium hydroxyapatite with high concentration of homogeneously distributed silver.
Microporous Mesoporous Mater 293:109806

Brendel T, Engel A, Riissel C (1992) Hydroxyapatite coatings by a polymeric route. J Mater
Sci Mater Med 3(3):175-179

Amer W et al (2014) Microwave-assisted synthesis of mesoporous nano-hydroxyapatite using
surfactant templates. CrystEngComm 16(4):543-549

Qi C et al (2013) Hydroxyapatite hierarchically nanostructured porous hollow microspheres:
Rapid, sustainable microwave-hydrothermal synthesis by using creatine phosphate as an
organic phosphorus source and application in drug delivery and protein adsorption. Chem
A EurJ 19(17):5332-5341

Kay MI, Young RA, Posner AS (1964) Crystal structure of hydroxyapatite. Nature
204(4963):1050-1052

Ma G, Liu XY (2009) Hydroxyapatite: hexagonal or monoclinic? Cryst Growth Des
9(7):2991-2994

Basirun WJ, Nasiri-Tabrizi B, Baradaran S (2018) Overview of Hydroxyapatite-graphene
nanoplatelets composite as bone graft substitute: mechanical behavior and in-vitro biofunc-
tionality. Crit Rev Solid State Mater Sci 43(3):177-212

Stipniece L, Salma-Ancane K, Borodajenko N, Sokolova M, Jakovlevs D, Berzina-Cimdina
L (2013) CERAMICS characterization of Mg-substituted hydroxyapatite synthesized by wet
chemical method. Ceram Int 40:3261-3267

Bigi A, Boanini E, Capuccini C, Gazzano M (2006) Strontium-substituted hydroxyapatite
nanocrystals

Yasukawa A, Higashijima M, Kandori K, Ishikawa T (2005) Preparation and characterization
of cadmium-calcium hydroxyapatite solid solution particles. Physicochem Eng Asp 268:111—
117

Suchanek WL, Byrappa K, Shuk P, Riman RE, Janas VF, Tenhuisen KS (2004) Preparation
of magnesium-substituted hydroxyapatite powders by the mechanochemical-hydrothermal
method. Biomaterials 25(19):4647-4657

Miyaji F, Kono Y, Suyama Y (2005) Formation and structure of zinc-substituted calcium
hydroxyapatite. Mater Res Bull 40(2):209-220

Yasukawa A, Ueda E, Kandori K, Ishikawa T (2005) Preparation and characterization
of carbonated barium-calcium hydroxyapatite solid solutions. J Colloid Interface Sci
288(2):468-474

Zhu K, Yanagisawa K, Shimanouchi R, Onda A, Kajiyoshi K (2006) Preferential occupancy
of metal ions in the hydroxyapatite solid solutions synthesized by hydrothermal method. J
Eur Ceram Soc 26(4-5):509-513

Neacsu IA, Stoica AE, Vasile BS, Andronescu E (2019) Luminescent hydroxyapatite doped
with rare earth elements for biomedical applications. Nanomater (Basel, Switzerland) 9(2)
Silvester L et al (2014) Structural, textural and acid-base properties of carbonate-containing
hydroxyapatites. ] Mater Chem A 2(29):11073-11090

Zapanta-Legeros R (1965) Effect of carbonate on the lattice parameters of apatite. Nature
206(4982):403—404. Nature Publishing Group

Landi E, Celotti G, Logroscino G, Tampieri A (2003) Carbonated hydroxyapatite as bone
substitute. J Eur Ceram Soc 23(15):2931-2937

Ramesh K, Ling EGY, Gwie CG, White TJ, Borgna A (2012) Structure and surface reactivity
of WO,42~, SO4%, PO4*~ Modified Ca-hydroxyapatite catalysts and their activity in ethanol
conversion. J Phys Chem C 116(35):18736-18745



Hydroxyapatite-Based Materials for Environmental Remediation 95

46

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

. Cacciotti I (2016) Cationic and anionic substitutions in hydroxyapatite. In: Handbook of
bioceramics and biocomposites. Springer International Publishing, Cham, pp 145-211
Cazalbou S, Combes C, Eichert D, Rey C (2004) Adaptative physico-chemistry of bio-related
calcium phosphates. J Mater Chem 14(14):2148

Silvester L et al (2015) Reactivity of ethanol over hydroxyapatite-based Ca-enriched catalysts
with various carbonate contents. Catal Sci Technol 5(5):2994-3006

Sugiyama S, Osaka T, Hirata Y, Sotowa KI (2006) Enhancement of the activity for oxidative
dehydrogenation of propane on calcium hydroxyapatite substituted with vanadate. Appl Catal
A Gen 312(1-2):52-58

Sun R, Chen K, Liao Z, Meng N (2013) Controlled synthesis and thermal stability of
hydroxyapatite hierarchical microstructures. Mater Res Bull 48(3):1143-1147

Kannan S, Ferreira JMF (2006) Synthesis and thermal stability of hydroxyapatite-p-tricalcium
phosphate composites with cosubstituted sodium, magnesium, and fluorine. Chem Mater
18(1):198-203

Tonsuaadu K, Gross KA, Pluduma L, Veiderma M (2012) A review on the thermal stability
of calcium apatites. ] Therm Anal Calorim 110(2):647-659

Wang T, Dorner-Reisel A, Miiller E (2004) Thermogravimetric and thermokinetic investiga-
tion of the dehydroxylation of a hydroxyapatite powder. J Eur Ceram Soc 24(4):693-698
Trombe JC, Montel G (1978) Some features of the incorporation of oxygen in different
oxidation states in the apatitic lattice—I On the existence of calcium and strontium oxyapatites.
J Inorg Nucl Chem 40(1):15-21

Kijima T, Tsutsumi M (1979) Preparation and thermal properties of dense polycrystalline
oxyhydroxyapatite. J] Am Ceram Soc 62(9-10):455-460

Liao C-J, Lin F-H, Chen K-S, Sun J-S (1999) Thermal decomposition and reconstitution of
hydroxyapatite in air atmosphere. Biomaterials 20(19):1807-1813

Gross KA, Berndt CC (1998) Thermal processing of hydroxyapatite for coating production.
J Biomed Mater Res 39(4):580-587

Malina D, Biernat K, Sobczak-Kupiec A (2013) Studies on sintering process of synthetic
hydroxyapatite. Acta Biochim Pol 60(4):851-855

Kamieniak J, Kelly PJ, Banks CE, Doyle AM (2018) Mechanical, pH and thermal stability
of mesoporous hydroxyapatite. J Inorg Organomet Polym Mater 28(1):84-91

Bell LC, Mika H, Kruger BJ (1978) Synthetic hydroxyapatite-solubility product and
stoichiometry of dissolution. Arch Oral Biol 23(5):329-336

Tsuchida T, Kubo J, Yoshioka T, Sakuma S, Takeguchi T, Ueda W (2008) Reaction of ethanol
over hydroxyapatite affected by Ca/P ratio of catalyst. J Catal 259(2):183-189
Diallo-Garcia S et al (2014) Identification of surface basic sites and acid-base pairs of
hydroxyapatite. J Phys Chem C 118(24):12744-12757

Ali I (2012) New generation adsorbents for water treatment. Chem Rev 112(10): 5073-5091.
American Chemical Society

HaoL,Lv Y, Song H (2017) The morphological evolution of hydroxyapatite on high-efficiency
Pb>* removal and antibacterial activity. Microchem J 135:16-25

Da Rocha NCC, De Campos RC, Rossi AM, Moreira EL, Barbosa ADF, Moure GT (2002)
Cadmium uptake by hydroxyapatite synthesized in different conditions and submitted to
thermal treatment. Environ Sci Technol 36(7):1630-1635

Smiciklas I, Onjia A, Raicevi¢ S, Janackovi¢ D, Mitri¢ M (2008) Factors influencing the
removal of divalent cations by hydroxyapatite. J Hazard Mater 152(2):876-884

Campisi S, Castellano C, Gervasini A (2018) Tailoring the structural and morphological
properties of hydroxyapatite materials to enhance the capture efficiency towards copper(II)
and lead(II) ions. New J Chem 42(6):4520-4530

Guan DX, Ren C, Wang J, Zhu Y, Zhu Z, Li W (2018) Characterization of lead uptake by
nano-sized hydroxyapatite: a molecular scale perspective. ACS Earth Sp. Chem. 2(6):599-607
Oulguidoum A, Bouyarmane H, Laghzizil A, Nunzi JM, Saoiabi A (2019) Development of
sulfonate-functionalized hydroxyapatite nanoparticles for cadmium removal from aqueous
solutions. Colloids Interface Sci Commun 30:100178



96

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

A. Amedlous et al.

Fang X, Zhu S, Ma J, Wang F, Xu H, Xia M (2020) The facile synthesis of zoledronate
functionalized hydroxyapatite amorphous hybrid nanobiomaterial and its excellent removal
performance on Pb?* and Cu?*. J Hazard Mater 392:122291

Wang M et al (2019) Unexpectedly high adsorption capacity of esterified hydroxyapatite for
heavy metal removal. Langmuir 35(49):16111-16119

Saoiabi S, El Asri S, Laghzizil A, Masse S, Ackerman JL (2012) Synthesis and characterization
of nanoapatites organofunctionalized with aminotriphosphonate agents. J Solid State Chem
185:95-100

Saoiabi S, Gouza A, Bouyarmane H, Laghzizil A, Saoiabi A (2016) Organophosphonate-
modified hydroxyapatites for Zn(Il) and Pb(II) adsorption in relation of their structure and
surface properties. J Environ Chem Eng 4(1):428-433

Oulguidoum A, Bouiahya K, Bouyarmane H, Talbaoui A, Nunzi JM, Laghzizil A (2021)
Mesoporous nanocrystalline sulfonated hydroxyapatites enhance heavy metal removal and
antimicrobial activity. Sep Purif Technol 255:117777

MaJ, Xia M, Zhu S, Wang F (2020) A new alendronate doped HAP nanomaterial for Pb2*,
Cu?* and Cd?* effect absorption. J Hazard Mater 400:123143

Salah TA, Mohammad AM, Hassan MA, El-Anadouli BE (2014) Development of nano-
hydroxyapatite/chitosan composite for cadmium ions removal in wastewater treatment. J
Taiwan Inst Chem Eng 45(4):1571-1577

Lei Y, Guan JJ, Chen W, Ke QF, Zhang CQ, Guo YP (2015) Fabrication of hydrox-
yapatite/chitosan porous materials for Pb(ii) removal from aqueous solution. RSC Adv
5(32):25462-25470

Na, Lee J, Lee SH, Kumar P, Kim JH, Patel R (2020) Removal of heavy metals by polysac-
charide: a review. Polym-Plast Technol Mater 59(16): 1770-1790. Bellwether Publishing,
Ltd.

Googerdchian F, Moheb A, Emadi R (2012) Lead sorption properties of nanohydroxyapatite-
alginate composite adsorbents. Chem Eng J 200-202:471-479

Saber-Samandari S,  Saber-Samandari S, Gazi M (2013) Cellulose-graft-
polyacrylamide/hydroxyapatite composite hydrogel with possible application in removal of
Cu (II) ions. React Funct Polym 73(11):1523-1530

Manatunga DC, De Silva RM, De Silva KMN, Ratnaweera R (2016) Natural polysaccharides
leading to super adsorbent hydroxyapatite nanoparticles for the removal of heavy metals and
dyes from aqueous solutions. RSC Adv 6(107):105618-105630

Ferri M, Campisi S, Scavini M, Evangelisti C, Carniti P, Gervasini A (2019) In-depth study
of the mechanism of heavy metal trapping on the surface of hydroxyapatite. Appl Surf Sci
475:397-409

Ferri M, Campisi S, Gervasini A (2019) Nickel and cobalt adsorption on hydroxyapatite: a
study for the de-metalation of electronic industrial wastewaters. Adsorption 25(3):649-660
Wijesinghe WPSL et al (2018) Preparation and characterization of mesoporous hydroxyapatite
with non-cytotoxicity and heavy metal adsorption capacity. New J Chem 42(12):10271-10278
Su M et al (2019) Removal of U(VI) from nuclear mining effluent by porous hydroxyapatite:
evaluation on characteristics, mechanisms and performance. Environ Pollut 254

Ansari A, Vahedi S, Tavakoli O, Khoobi M, Faramarzi MA (2019) Novel
Fe3O4/hydroxyapatite/B-cyclodextrin nanocomposite adsorbent: synthesis and application in
heavy metal removal from aqueous solution. Appl Organomet Chem 33(1):e4634

Zhang Q, Dan S, Du K (2017) Fabrication and characterization of magnetic hydroxyapatite
entrapped agarose composite beads with high adsorption capacity for heavy metal removal.
Ind Eng Chem Res 56(30):8705-8712

Akafu T, Chimdi A, Gomoro K (2019) Removal of fluoride from drinking water by sorption
using diatomite modified with aluminum hydroxide

Zhou J et al (2018) Highly selective and efficient removal of fluoride from ground water by
layered Al-Zr-La Tri-metal hydroxide. Appl Surf Sci 435:920-927

Liu Y, Fan Q, Wang S, Liu Y, Zhou A, Fan L (2016) Adsorptive removal of fluoride from
aqueous solutions using Al-humic acid-La aerogel composites. Chem Eng J 306:174-185



Hydroxyapatite-Based Materials for Environmental Remediation 97

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Samant A, Nayak B, Misra PK (2017) Kinetics and mechanistic interpretation of fluoride
removal by nanocrystalline hydroxyapatite derived from limacine artica shells. J Environ
Chem Eng 5(6):5429-5438

Tomar G, Thareja A, Sarkar S (2015) Enhanced fluoride removal by hydroxyapatite-modified
activated alumina. Int J Environ Sci Technol 12(9):2809-2818

Pandi K, Viswanathan N (2015) Synthesis of alginate beads filled with nanohydroxyapatite:
an efficient approach for fluoride sorption. J Appl Polym Sci 132(19):n/a-n/a

Nayak B, Samant A, Patel R, Misra PK (2017) Comprehensive understanding of the kinetics
and mechanism of fluoride removal over a potent nanocrystalline hydroxyapatite surface. ACS
Omega

Zhang D et al (2012) Utilization of waste phosphogypsum to prepare hydroxyapatite nanopar-
ticles and its application towards removal of fluoride from aqueous solution. J Hazard Mater
241-242:418-426

Singh S, Khare A, Chaudhari S (2020) Enhanced fluoride removal from drinking water using
non-calcined synthetic hydroxyapatite. J Environ Chem Eng 8(2):103704

Muthu Prabhu S, Meenakshi S (2014) Synthesis of surface coated hydroxyapatite powders
for fluoride removal from aqueous solution. Powder Technol 268(1):306-315

Yu X, Tong S, Ge M, Zuo J (2013) Removal of fluoride from drinking water by
cellulose @hydroxyapatite nanocomposites. Carbohydr Polym 92(1):269-275

Sairam Sundaram C, Viswanathan N, Meenakshi S (2008) Uptake of fluoride by nano-
hydroxyapatite/chitosan, a bioinorganic composite. Bioresour Technol 99(17):8226-8230
Sairam Sundaram C, Viswanathan N, Meenakshi S (2009) Fluoride sorption by nano-
hydroxyapatite/chitin composite. ] Hazard Mater 172(1):147-151

Norvill ZN, Shilton A, Guieysse B (2016) Emerging contaminant degradation and removal in
algal wastewater treatment ponds: identifying the research gaps. J Hazard Mater 313:291-309.
Elsevier B.V

Rojas S, Horcajada P (2020) Metal-organic frameworks for the removal of emerging organic
contaminants in water. Chem Rev 120(16):8378-8415

Anfar Z et al (2019) Recent trends on numerical investigations of response surface method-
ology for pollutants adsorption onto activated carbon materials: a review. Crit Rev Environ
Sci Technol 1-42

Anfar Z et al (2019) High extent mass recovery of alginate hydrogel beads network based
on immobilized bio-sourced porous carbon@Fe3;O4—NPs for organic pollutants uptake.
Chemosphere 236:124351

Zbair M, Anfar Z, Ahsaine HA (2019) Reusable bentonite clay: modelling and optimization of
hazardous lead and p-nitrophenol adsorption using a response surface methodology approach.
RSC Adv 9(10):5756-5769

Chahkandi M (2017) Mechanism of Congo red adsorption on new sol-gel-derived hydroxya-
patite nano-particle. Mater Chem Phys 202:340-351

Mehri A, Ben Moussa S, Laghzizil A, Nunzi JM, Badraoui B (2020) A new in situ enhancement
of the hydroxyapatite surface by Tyramine: preparation and interfacial properties. Colloids
Surfaces A Physicochem Eng Asp 592:124590

Wang G et al (2016) Simple combination of humic acid with biogenic hydroxyapatite achieved
highly efficient removal of methylene blue from queous solution. RSC Adv 6(72):67888—
67897

Guan Y et al (2018) A novel polyalcohol-coated hydroxyapatite for the fast adsorption of
organic dyes. Colloids Surf A Physicochem Eng Asp 548:85-91

Cui L, Wang Y, Hu L, Gao L, Du B, Wei Q (2015) Mechanism of Pb(II) and methylene blue
adsorption onto magnetic carbonate hydroxyapatite/graphene oxide. RSC Adv 5(13):9759-
9770

Chatterjee S et al (2018) Scalable synthesis of hide substance—chitosan—hydroxyapatite: novel
biocomposite from industrial wastes and its efficiency in dye removal. ACS Omega
Varaprasad K, Nunez D, Yallapu MM, Jayaramudu T, Elgueta E, Oyarzun P (2018) Nano-
hydroxyapatite polymeric hydrogels for dye removal. RSC Adv 8(32):18118-18127



98

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

A. Amedlous et al.

Idowu Adeogun A, Andrew Ofudje E, Abidemi Idowu M, Olateju Kareem S, Vahidhabanu
S, Ramesh Babu B (2018) Biowaste-derived hydroxyapatite for effective removal of reactive
yellow 4 dye: equilibrium, kinetic, and thermodynamic studies

Amadine O, Essamlali Y, Fihri A, Larzek M, Zahouily M (2017) Effect of calcination temper-
ature on the structure and catalytic performance of copper—ceria mixed oxide ... and catalytic
performance of copper— ceria mixed. RSC Adv 7(March):12586-12597

Narwade VN, Khairnar RS, Kokol V (2017) In-situ synthesised hydroxyapatite-loaded films
based on cellulose nanofibrils for phenol removal from wastewater. Cellulose 24(11):4911—
4925

Lin K, Pan J, Chen Y, Cheng R, Xu X (2009) Study the adsorption of phenol from aqueous
solution on hydroxyapatite nanopowders. J Hazard Mater 161(1):231-240

Bouiahya K et al (2019) Synthesis and properties of alumina-hydroxyapatite composites from
natural phosphate for phenol removal from water. Colloid Interface Sci Commun 31:100188
Fierascu I et al (2017) Efficient removal of phenol from aqueous solutions using hydroxyap-
atite and substituted hydroxyapatites. React Kinet Mech Catal 122(1):155-175

Wang X (2011) Preparation of magnetic hydroxyapatite and their use as recyclable adsorbent
for phenol in wastewater. Clean: Soil, Air, Water 39(1):13-20

Bouiahya K, Oulguidoum A, Laghzizil A (2020) Alumina-hydroxyapatite nanocomposites
and their applications for the removal of phenolic compounds from water: a comparative
study. In: E3S web of conferences, vol 150, p 02008

Khallok H et al (2021) Ceramic hydroxyapatite foam as a new material for Bisphenol A
removal from contaminated water. Environ Sci Pollut Res 1-13

Puga A, Rosales E, Sanroman MA, Pazos M (2020) Environmental application of monolithic
carbonaceous aerogels for the removal of emerging pollutants. Chemosphere 248:125995

Li Y, Wang S, Zhang Y, Han R, Wei W (2017) Enhanced tetracycline adsorption onto
hydroxyapatite by Fe(III) incorporation. J Mol Liq 247:171-181

LiZ, Li M, Wang Z, Liu X (2020) Coadsorption of Cu(II) and tylosin/sulfamethoxazole on
biochar stabilized by nano-hydroxyapatite in aqueous environment. Chem Eng J 381:122785
Yuan L et al (2019) Influences of pH and metal ions on the interactions of oxytetracycline
onto nano-hydroxyapatite and their co-adsorption behavior in aqueous solution. J Colloid
Interface Sci 541:101-113

Ersan M, Guler UA, Acikel U, Sarioglu M (2015) Synthesis of hydroxyapatite/clay and
hydroxyapatite/pumice composites for tetracycline removal from aqueous solutions. Process
Saf Environ Prot 96:22-32

Huang B, Xiong D, Zhao T, He H, Pan X (2016) Adsorptive removal of PPCPs by biomorphic
HAP templated from cotton. Water Sci Technol 74(1):276-286

Sharma P, Rohilla D, Chaudhary S, Kumar R, Singh AN (2019) Nanosorbent of hydroxyapatite
for atrazine: A new approach for combating agricultural runoffs. Sci Total Environ 653:264—
273

Schrope M (2011) Oil spill: deep wounds. Nature 472(7342):152—154. Nature Publishing
Group

Wang B, Liang W, Guo Z, Liu W (2015) Biomimetic super-lyophobic and super-lyophilic
materials applied for oil/water separation: a new strategy beyond nature. Chem Soc Rev
44(1):336-361 Royal Society of Chemistry

Ge J, Zhao HY, Zhu HW, Huang J, Shi LA, Yu SH (2016) Advanced sorbents for oil-spill
cleanup: recent advances and future perspectives. Adv Mater 28(47):10459-10490. Wiley-
VCH Verlag

Padaki M et al (2015) Membrane technology enhancement in oil-water separation. A review.
Desalination 357:197-207. Elsevier

Zhu Y, Wang D, Jiang L, Jin J (2014) Recent progress in developing advanced membranes
for emulsified oil/water separation. NPG Asia Mater 6(5):101. Nature Publishing Group
Ivshina IB et al (2015) Oil spill problems and sustainable response strategies through new
technologies. Environ Sci Process Impacts 17(7):1201-1219. Royal Society of Chemistry



Hydroxyapatite-Based Materials for Environmental Remediation 99

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Xue Z, Cao Y, Liu N, Feng L, Jiang L (2014) Special wettable materials for oil/water
separation. J Mater Chem A 2(8):2445-2460. The Royal Society of Chemistry

Li Z et al (2018) Superhydrophobic/superoleophilic polycarbonate/carbon nanotubes porous
monolith for selective oil adsorption from water. ACS Sustain. Chem. Eng. 6(11):13747—
13755

Dunderdale GJ, Urata C, Sato T, England MW, Hozumi A (2015) Continuous, high-speed,
and efficient oil/water separation using meshes with antagonistic wetting properties. ACS
Appl Mater Interfaces 7(34):18915-18919

Wang G et al (2015) Low drag porous ship with superhydrophobic and superoleophilic surface
for oil spills cleanup. ACS Appl Mater Interfaces 7(47):26184-26194

Chen FF, Zhu YJ, Chen F, Dong LY, Yang RL, Xiong ZC (2018) Fire alarm wallpaper based
on fire-resistant hydroxyapatite nanowire inorganic paper and graphene oxide thermosensitive
sensor. ACS Nano 12(4):3159-3171

Lu BQ, Zhu Y]J, Chen F (2014) Highly flexible and nonflammable inorganic hydroxyapatite
paper. Chem A Eur J 20(5):1242-1246

Chen FF, Zhu YJ, Xiong ZC, Sun TW, Shen YQ (2016) Highly flexible superhydrophobic
and fire-resistant layered inorganic paper. ACS Appl Mater Interfaces 8(50):34715-34724
Yang RL, Zhu YJ, Chen FF, Dong LY, Xiong ZC (2017) Luminescent, fire-resistant, and
water-proof ultralong hydroxyapatite nanowire-based paper for multimode anticounterfeiting
applications. ACS Appl Mater Interfaces 9(30):25455-25464

Yang RL, Zhu YJ, Chen FF, Qin DD, Xiong ZC (2018) Recyclable, fire-resistant, superhy-
drophobic, and magnetic paper based on ultralong hydroxyapatite nanowires for continuous
oil/water separation and oil collection. ACS Sustain Chem Eng 6(8):10140-10150

LiQ, WuD, Huang J, Guo Z (2019) Kevlar fiber-reinforced multifunctional superhydrophobic
paper for oil-water separation and liquid transportation. New J Chem 43(38):15453-15461
Zhang YG, Zhu YJ, Xiong ZC, Wu J, Chen F (2018) Bioinspired ultralight inorganic
aerogel for highly efficient air filtration and oil-water separation. ACS Appl Mater Interfaces
10(15):13019-13027

Das KC, Das B, Dhar SS (2020) Effective catalytic degradation of organic dyes by nickel
supported on hydroxyapatite-encapsulated cobalt ferrite (Ni/HAP/CoFe,;04) magnetic novel
nanocomposite. Water Air Soil Pollut 231(2):43

Das KC, Dhar SS (2020) Remarkable catalytic degradation of malachite green by zinc
supported on hydroxyapatite encapsulated magnesium ferrite (Zn/HAP/MgFe204) magnetic
novel nanocomposite. J] Mater Sci 55(11):4592-4606

Pang Y, Kong L, Chen D, Yuvaraja G, Mehmood S (2020) Facilely synthesized cobalt
doped hydroxyapatite as hydroxyl promoted peroxymonosulfate activator for degradation
of Rhodamine B. J Hazard Mater 384:121447

Song F, Zhang H, Wang S, Liu L, Tan X, Liu S (2018) Atomic-level design of CoOH+-
hydroxyapatite@C catalysts for superfast degradation of organics: via peroxymonosulfate
activation. Chem Commun 54(39):4919-4922

El Bekkali C et al (2018) Zinc oxide-hydroxyapatite nanocomposite photocatalysts for the
degradation of ciprofloxacin and ofloxacin antibiotics. Colloids Surf Physicochem Eng Asp
539:364-370

Xu T et al (2019) New and stable g-C3N4/HAp composites as highly efficient photocatalysts
for tetracycline fast degradation. Appl Catal B Environ 245:662-671

ZouR, Xu T, Lei X, Wu Q, Xue S (2020) Novel and efficient red phosphorus/hollow hydrox-
yapatite microsphere photocatalyst for fast removal of antibiotic pollutants. J Phys Chem
Solids 139:109353

da Silva et al JS (2020) Enhanced photocatalytic and antifungal activity of hydroxyapatite/o-
AgVO3 composites. Mater Chem Phys 252:123294

Liu X, Mal, Yang J (2014) Visible-light-driven amorphous Fe(III)-substituted hydroxyapatite
photocatalyst: Characterization and photocatalytic activity. Mater Lett 137:256-259

Zou R, Xu T, Lei X, Wu Q, Xue S (2020) Novel design of porous hollow hydroxyapatite
microspheres decorated by reduced graphene oxides with superior photocatalytic performance
for tetracycline removal. Solid State Sci 99:106067



100

156.

157.

158.

A. Amedlous et al.

Lei X, Xu T, Yao W, Wu Q, Zou R (2020) Hollow hydroxyapatite microspheres modified
by CdS nanoparticles for efficiently photocatalytic degradation of tetracycline. J Taiwan Inst
Chem Eng 106:148-158

Yang Z, Gong X, Zhang C (2010) Recyclable Fe304/hydroxyapatite composite nanoparticles
for photocatalytic applications. Chem Eng J 165(1):117-121

Hong X et al (2012) Hydroxyapatite supported Ag 3 PO 4 nanoparticles with higher visible
light photocatalytic activity. Appl Surf Sci 258(10):4801-4805



Sequestration of Heavy Metal Pollutants )
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Linda Ouma and Martin Onani

Abstract Heavy metal pollution poses a grave environmental threat. Some of the
most toxic metals are highly mobile and, therefore, easily transported through ground
water systems, thus, affecting large areas. Over the last decade, adsorption has been
greatly focused on as a strategy for contaminated water treatment. Its versatility and
relative ease of application have been a major determinant of its preference. Nano-
sized adsorbents have high surface areas and are size tunable and, hence, have been
favored in adsorption applications. The magnetic properties of nanosized magnetite
(Fe;04) have made them particularly favorable. Magnetite composites with various
materials have widely been applied in the adsorptive treatment of real and synthetic
water containing heavy metal pollutants. This review outlines the application of
Fe;04 nanoparticles and Fe;04 organic composites in the adsorption of heavy metal
ions in aqueous solution. The reviewed articles indicate that the formation of Fe;O4
inorganic—organic composites improves the adsorption efficiencies of the compos-
ites and improves their applicability by providing magnetic separability. The pres-
ence of Fe;O4 nanoparticles in the composite materials also provides for improved
reusability of the adsorbent. Generally, the formation of these composites tends to
make adsorption a more viable alternative to conventional water treatment options
for heavy metal pollutants in water.
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1 Introduction

The environmental accumulation of heavy metals is of great concern owing to their
non-biodegradability [5, 31, 64]. Heavy metal pollution occurs primarily through
either of the following anthropogenic processes: manufacturing, mining, burning of
fossil fuels, and agriculture [20, 66]. Although anthropogenic activities contribute
the greater extent of heavy metal pollution, natural phenomena, e.g., erosion and
weathering of rocks also contribute to the pollution burden [48]. According to the
US EPA, the most toxic heavy metals are arsenic and lead with a maximum contam-
inant level goal (MCLG) of 0 mg L~! (US EPA 2009; [21, 63]. Other listed toxic
heavy metals are copper, chromium, mercury, nickel, and cadmium. Heavy metals
may be toxic even at low concentrations resulting in poisoning or genetic disorders
as they have the potential to interfere with biological processes [12, 22]. As infor-
mation on the toxicity of heavy metals increases, the regulatory limits are adjusted
to lower concentrations making remediation more challenging [62]. Techniques like
electrochemical and photocatalytic oxidation, chemical coagulation, ion exchange,
bio- and phyto-remediation, and adsorption have been employed for the adsorption
of heavy metal pollution control [9, 40].

Adsorption is considered favorable due to its efficiency, versatility, simplicity
of operation, zero sludge production, and relatively lower costs [42, 70]. Adsorp-
tion at the solid-solution interface provides a possibility to control pollution due
to liquid waste [20]. Through consistent improvement efforts, several adsorbents
have been developed with current technologies focusing on nanosized adsorbents
due to the uniqueness of the properties owing to their nanometer sizes. Some of the
most investigated nanomaterials are iron oxides as a result of their stability, pollutant
affinity, and relatively low toxicity compared to other metal containing nanoparticles
[61]. Magnetite has received great consideration because it offers superior advan-
tages such as surface areas >100 m?> g~! and superparamagnetism (~90 emu g~!
for bulk magnetite) as the size reduces to nanoscale [27, 61]. The removal of pollu-
tants through adsorption methods is highly dependent on the adsorbent’s surface
charge and the adsorbate’s speciation and degree of ionization [20]. The presence of
both ferrous (Fe?*) and ferric (Fe**) ions allows Fe3Oy4 nanoparticles to participate in
redox-coupled adsorption processes which are particularly useful in the sequestration
of multi-valent ions. The magnetic properties of Fe;O4 make them easily recoverable
after treatment, a challenge while using many nanometer sized materials [4, 20]. The
recovered particles can be reused, therefore, reducing the economic burden of the
treatment process [4, 12].

2 Magnetite

Iron-based nanoparticles have recently been applied in the adsorptive treatment of
polluted water [65]. Of the reported iron-based nanoparticles, zero-valent iron has
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received the greatest attention [26, 32]. Nanosized iron oxides composition varies
depending the iron species present and the magnetic properties; of the known iron
oxides, hematite (a-Fe,O3) maghemite (y-Fe,03), and magnetite (Fe;04) have been
considered in the adsorption of heavy metals [29, 35, 38, 57]. Superparamagnetic
iron oxides (magnetite; Fe;O4) are commonly applied because of the ease of post-
adsorption retrieval using an external magnetic field. Upon removal of the magnetic
field, the particles are demagnetized since they do not possess residual magnetization
[25, 48].

A wide range of synthetic methods including solvothermal [29, 37], laser co-
vaporization [54], sol-gel [23, 51], thermal decomposition [2, 52], and chemical
co-precipitation [20, 43] has been used in the production of Fe;O,4 nanoparticles.
Chemical co-precipitation the most favored method because it is simple, efficient,
and relatively cheaper than the above-mentioned methods [1, 68]. Chemical co-
precipitation of Fe;O, takes place in alkaline media, and the formation of Fe;04
follows the reaction steps outlined in Egs. 1-4 below [68].

Fe** + 30H — Fe(OH); (1)
Fe(OH); — FeOOH + H,0 2)

Fe’™ + 20H™ — Fe(OH), 3)
2FeOOH + Fe(OH), — Fe;04 + 2H,0 4)

Apart from magnetite nanoparticles synthesized at the point of application,
commercial magnetite nanoparticles are readily available and have also been applied
in heavy metal adsorption. Iconaru et al. [20] synthesized 14 nm magnetite nanopar-
ticles and compared their properties with those of commercial magnetite of 90 nm
average diameters [20]. The surface area ratio of the commercial to synthesized
magnetite was 7%; however, the synthesized sample showed lower crystallinity [15,
28]. When applied in the adsorption of As(V) and Cu(Il), it was evident that the as-
synthesized smaller particles provided better adsorption efficiencies for both species
[20, 36]. The results obtained from As(V) and Cu(II) adsorption on both nanopar-
ticle batches were modeled following a theoretical calculation of the packing density.
Data from adsorption on commercial nanoparticles provided a better accuracy than
synthesized sample, while As(V) data had 50% higher accuracy than Cu(Il) adsorp-
tion data. The results pointed to more uniform distribution of commercial nanopar-
ticles as compared to synthesized nanoparticles with a higher affinity for As(V) than
Cu(II) resulting from differences in complexation energies in the adsorption process
[19].

Further, Kumari et al. [29] studied Cr(VI) and Pb(II) adsorption on meso-
porous Fe;O4 nanospheres synthesized using a solvothermal method [29]. Hollow
nanospheres consist of a shell-like morphology of nanoparticles with a hollow
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core providing low densities. The hollow nanospheres were synthesized using a
solvothermal method. In the solvothermal method, the solvent acts as a reducing
medium reducing a small amount of the Fe3* precursor to Fe?*. The structure directing
salt initiates nucleation to form spheres in the presence of the surfactant with the
solvent controlling the size of the spheres. Ostwald ripening results in small inner
spheres forming larger ones on the outer side increasing the size of the inner cavities.
This results in the formation of a hollow interior with larger nanocrystals forming
the outer surface. The particle diameters were determined to be 31 nm with surface
areas of 11 m? g~!. Adsorption of Cr(VI) and Pb(II) ions resulted in modifications
on the adsorbent surface of the with the initially rough surface appearing smooth in
post-adsorption analyzes.

Luther et al. [34] synthesized Fe;O4 nanoparticles and studied the effects of pH
and interfering anions on As(IIT) and As(V) adsorption [34]. The synthesized Fe;O4
nanomaterials had diameters of 17 nm, and the optimum pH used for adsorption
studies was pH 6 since it was within the optimum range for both As species. The
As(IIT) adsorption capacity was consistently higher than As(V) capacity after 1 h
and 24 h contact time; however, a decreased binding capacity with increased contact
time was observed and attributed to redox dissolution. Interference studies indi-
cated that the presence of SO,4>~ affected the binding of As(IIl) decreasing it by
up to 50% at concentrations greater than 1000 ppm, while As(V) binding of was
completely eliminated at similar concentrations. The presence of PO, had insignif-
icant effects on the adsorption capacity of either As species, while the presence of
CO;% decreased As(III) and As(V) binding of by up to 15% and 50%, respectively.
From the highlighted studies, Fe304 has been portrayed as an efficient adsorbent for
the sequestration of heavy metal ions in water. The particle size, pH, and competing
ions have been identified as important factors influencing the adsorption process.
Table 1 summarizes the efficiency of magnetite adsorbents in the sequestration of
heavy metals.

Table 1 Application of magnetite nanoparticles for heavy metal (HM) adsorption

Preparation method | Particle size (nm) | Target pollutant | Adsorption capacity | References
(mgg™")
Commercial 89.4 £ 0.6 As(V) 39.26 [20]
Cu(II) 9.06 [20]
Co-precipitation 142 +£0.3 As(V) 66.53 [20]
Cu(I) 10.67 [20]
Co-precipitation 72+1 Cr(VI) 13.51 [42]
Precipitation 2543 As(V) 9.72 [11]
Solvothermal 312 Pb(II) 11.89 [29]
Cr(VD) 6.55 [29]
Co-precipitation 16.5 £ 0.5 As(III) 5.68 [34]
Co-precipitation 16.5 £0.5 As(V) 4.78 [34]
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3 Magnetite Composites

Pristine Fe;O4 nanoparticles commonly face challenges of oxidation during prepara-
tion, handling, and adsorption resulting in changes in their dispersion and magnetic
properties [46]. Similarly, the achievement of size control during Fe;O,4 synthesis
presents a challenge due to agglomeration resulting from high surface energies
resulting in broad particle size distribution, insufficient dispersion, and difficulty
in mass production. One of the most studied methods to control Fe;O4 properties
during synthesis is the formation of composite materials, and composites retain
the properties of both materials, therefore, providing a more versatile adsorbent.
Fe;O4 inorganic—organic composite adsorbents are favored over pristine Fe;Oy4 as
they incorporate the high surface areas, mechanical strength, and magnetism of the
inorganic Fe;O4 component and provide functional groups from the organic mate-
rial [43]. The organic functional groups provide multiple advantages of anchoring
the Fe;O4 surfaces, surface passivation, as well as sequestration of various pollu-
tants including heavy metals [14, 42]. In this section, inorganic—organic composites
of Fe;04 with some selected organic materials are reviewed with a focus on their
application in heavy metal adsorption.

3.1 Magnetite-polymer Composites

The modification of Fe;O4 nanoparticle surfaces with organic ligands presents
an avenue for both surface passivation and functionalization allowing for the
targeted adsorption of desired pollutants [61]. Organic ligands control particle
growth resulting in smaller particles, hence, large accessible surface areas, there-
fore, improving the adsorption capacities [16]. Zarnegar and Safari [68] studied
polymer stabilization effects on Fe;O4 nanoparticle properties. They prepared Fe;O4
composite materials with polyethylene glycol (PEG) and polycitric acid (PCA) [68].
The synthesis was carried out in two stages; firstly, PCA-PEG-PCA copolymer
macromolecules were prepared followed by the co-precipitation of ferric and ferrous
ions in the presence of the copolymers. During the co-precipitation, ferric and ferrous
salts were first stirred with the polymers resulting in the formation of a complex struc-
ture with surface carboxylic acid groups. Upon the addition of a base, the carboxylic
acid groups promoted nucleation, while the copolymers controlled the nanoparticles
growth thereby providing size control and resulting in the formation of particles
of 5-10 nm. The dendritic nature of the macromolecules provided repulsion aiding
in particle dispersion providing uniformly dispersed particles. The polymer-coated
particles were spherical and monodisperse with 5-10 nm diameters and 66.54 emu
g~ ! saturation magnetization compared to 15-30 nm and 62.76 emu g~', respec-
tively, for uncoated Fe;O,4. Polymer stabilization improved the size distribution and
magnetic properties of Fe;O4 as a result of improved crystallinity of the smaller
nanoparticles [68].
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Guan and co-workers prepared a core—shell nano-adsorbent consisting of a nano-
magnetite core and a polyacrylic acid shell for the adsorption of Cr(IIl) ions from
tannery effluent. A silane coupling agent aided the grafting of polyacrylic acid onto
the surface of the magnetite nanoparticles. The synthesized composite material had a
core size of 21 £ 5 nm and specific surface areas of 41.4 £ 0.6 m?> g~!. The saturation
magnetization decreased in the order pristine Fe;O4 > silane/Fe;O4 > polyacrylic
acid/silane/Fe;04. The decrease is resulted from the encapsulation of the Fe;Oy4 in a
polymeric shell; however, the resulting composite retained sufficient magnetism to
facilitate magnetic separation within 5 min of adsorption completion. Chromium(III)
adsorption was most favorable at pH 6 resulting in a percentage removal of 92.5%.
The results indicated that Cr(III) ions were coordinated with the carboxyl groups on
the polyacrylic acid shell.

Bhaumik et al. [8] reported on the synthesis of polypyrolle-magnetite
(PPY/Fe3;04) nanocomposite for Cr(VI) adsorption [8]. The composite synthesis was
carried out in situ through chemical oxidative polymerization [7]. Fe;O4 nanoparti-
cles were spherical but appeared aggregated, but after polymerization with polypy-
rolle, the particles were spherical with larger particle sizes resulting from polypy-
rolle encapsulation of the particles. The nanocomposite presented superior adsorp-
tion properties compared to its constituents in the order PPY/ Fe;O4 > PPY >
Fe;04. Adsorption of Cr(VI) on the nanocomposite was determined to be through
ion exchange and reduction [44]. The appearance of Cr(IIl) species on the spent
adsorbent surface indicated that a portion of the bound Cr(VI) ions was reduced by
the electron-rich polypyrolle groups in the composite material. The adsorbent was
tested for reusability, and two cycles were deemed optimum with a 17% reduction
in capacity observed in the third cycle.

Burks et al. [10] studied the characterization and chromium adsorption properties
of mercaptopropionic acid-coated magnetite nanoparticles. Calculations from TGA
measurements indicated that the coverage of mercaptopropionic acid on SPION
surface was approximately 2.5 pmol m~2 [10], while FTIR results revealed that
mercaptopropionic acid formed surface bonds with the SPION using the carboxy-
late end leaving the thiol group exposed [41]. Bands attributed to sulfonate groups
indicated oxidation of the thiol groups during air drying. From the isotherm fitting,
the obtained data pointed to a multilayer adsorption on a heterogenous surface. At
low Cr(VI) concentrations, the reaction was controlled by diffusion to the adsorbent
surface; however, as concentrations increased, chemisorption was the rate limiting
step. Multiple rate controlling steps were confirmed by a plot of q; against t"? (intra-
particle diffusion kinetic model) [43]. The adsorption mechanism was illustrated to
be via the bonding of HCrO,4~ ions to -SO3H groups on the 3-MPA surface.

Algadami et al. [1] studied the application of 5-10 nm Fe;O,@TSC
(magnetite @tri-sodium citrate) nanocomposite in the adsorption of Cr** and Co?*
ions [1]. The presence of Cr—O and Co-O bonds on the spent adsorbent surface
was attributed to electrostatic attraction to the electron rich acetate groups. Adsorp-
tion of Cr** was faster than that of Co?*; thus, the equilibrium time for Co>* was
considered as the optimal contact time, and pH 6 was considered as optimal above
which the formation of metal hydroxides resulted in decreased adsorption efficiency.
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Langmuir isotherm and pseudo-second-order kinetics model accurately described
>97% of the observed results, and the adsorption process was determined to be
exothermic. A decrease in adsorption with temperature was attributed to weakening
adsorbent-adsorbate and adsorbate—adsorbate forces.

A ternary composite of magnetite nanoparticles (Fe;O4 NPs), reduced graphene
oxide sheets (rGO), and poly-N-phenylglycine nanofibers (d-PPG NFs) was prepared
for Cu(Il) adsorption [27]. The formation of Fe;O4 (270 £ 30 nm) on GO sheets
opened the spaces between the sheets, while the grafting of PPG NFs nearly doubled
the composite’s surface area. The nanofibers ultrafine morphology was responsible
for the increased surface area. Copper adsorption was more efficient on the ternary
composite as compared to the binary composite as a result of increased affinity by
PPG nanofibers and higher surface areas. The COO™ group in the nanofibers was
responsible for the increased cation affinity by electrostatic attraction. Formation of
a stable copper-carboxylate complex led to preferential copper adsorption in bimetal
solutions with cobalt ions.

In 2010, Warner and co-workers demonstrated the synthesis of lauric acid capped
Fe;0,4 followed by a single step ligand exchange reaction to alter the surface and
produce nanoparticles with affinities for a variety of heavy metal pollutants [61].
High-temperature decomposition was applied to generate a magnetite core and lauric
acid shell resulting in the formation of 8 nm particles with surface areas >100 m? g~!.
Surface-modified nanoparticles were applied in the adsorption of Hg, Pb, Cd, Ag, Co,
Cu, and T1 in spiked river water to determine their efficiency. After ligand exchange,
core sizes remained unaffected and the particles were superparamagnetic with no
remnant coercivity. Adsorption efficiencies of the functionalized particles for the
tested metal pollutants were consistently higher than those of activated carbon with
the exception of Ag where activated carbon had the highest distribution coefficient.

Studies on organic ligand stabilized Fe;O4 nanoparticles have concluded that their
presence does not alter the nanoparticles magnetic properties and in fact increases
the particles affinity for specific heavy metal pollutants while maintaining the high
surface areas and superparamagnetism [27, 68].

3.2 Magnetite-biosorbent Composites

Biological materials with the capability of binding pollutants on their surfaces
(adsorption) are referred to as biosorbents. In the process of biosorption, heavy metals
(pollutants) are adsorbed through a metabolically passive process which occurs on
non-living tissues [67]. Biomaterials do not pose a threat to the environment since
they are organic in nature and are biodegradable [47]. Several biosorbents have
been applied in heavy metals adsorption due to the abundance of functional groups
capable of heavy metal sequestration [13, 50, 60]. Despite the adsorption potentials
of biomaterials, they face challenges such as low porosity, surface areas, and diffi-
culty in post-treatment separation [39, 66]. The incorporation of nanomaterials on
the surfaces of biosorbents has been confirmed to improve surface areas and porosity
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of adsorbents [27, 69]. Fe;O4 nanoparticles when deposited on biosorbents incorpo-
rate magnetic properties on the composite adsorbent allowing for the application of
magnetic separation. In this section, we review the application of Fe;O4-biosorbent
composites in the adsorption of heavy metals.

3.2.1 Magnetite-chitosan Composites

Chitosan is the second most naturally available polymer after cellulose, and it contains
—NH, and OH functional groups which sequester ions through coordination forming
a mesh-like cage-shaped structure [18, 64]. However, the reusability of traditional
chitosan adsorbents poses a challenge; therefore, the formation of magnetic compos-
ites has been considered. The chitosan-magnetite composites faced some challenges
due to low sorption capacities owing to their large sizes leading [64] to explore the
formation of polyethylene modified polystyrene/Fe; O4/chitosan (PS/Fe;O4/CS-PEI)
of sub-micron sizes for Cu(Il) adsorption [64]. The adsorbents had an average size
of 300 nm with Fe;O4 nanoparticles of ~10 nm immobilized on the surface. The
composite retained its magnetic properties and was easily recovered by magnetic
separation, and it was confirmed that all the constituents of the composite material
were present in the adsorbent. The mechanism of Cu(II) adsorption on PS/Fe;04/CS-
PEI was attributed to the surface complexation between Cu(II) ions and N atoms from
nitrogen containing groups on the adsorbent surface.

Haldorai et al. [18] demonstrated the efficiency of <30 nm Fe;O4/chitosan
(Fe304/CS) for the adsorption of Lanthanum (La3*) ions from aqueous solutions [ 18].
Successful adsorption of La** on the adsorbent surface was confirmed by scanning
electron microscopy. Response surface methodology (RSM) was applied to optimize
the factors affecting the adsorption process. The Box-Behnken model (BBM) was
used to determine the parameters’ effects on the adsorption efficiency. The investi-
gated parameters were solution pH, adsorbent dosage, reaction time, and tempera-
ture. The quadratic model which explained 87% of the total variables predicted the
efficient removal of La®* for the studied parameters. The adsorption efficiency was
highly dependent on the solution pH, and the optimum pH was observed to be pH 11.
Reaction time and temperature had insignificant effects on La** adsorption efficiency.
Increasing the adsorbent dosage provided more adsorption sites thereby increasing
the adsorption efficiency. The Freundlich isotherm model fitted the adsorption data
pointing to adsorption on heterogenous sites.

Chitosan-modified biochar was employed for the adsorption of dissolved As(V)
by [33] to improve the separation ability of the chitosan/biochar composite, and
chitosan was coated with magnetic Fe;O4 fluid during the composite formation [33].
Although the synthesized magnetic chitosan biochar (MCB) exhibited a lower satu-
ration magnetization (16.67 emu g~') compared to the magnetic fluid (67 emu g '),
it was sufficient to provide magnetic separation. The As(V) adsorption capacity of the
binary and ternary composites improved threefold compared to biochar indicating the
contribution of chitosan and Fe;O4 during adsorption. In the presence of competing
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anions, As(V) adsorption efficiency was significantly altered by the presence of
PO,3~, CO3%~, and SO,2~, while Cl and NO;~ had no significant impact.

3.2.2 Magnetite-agricultural Biosorbent Composites

Plant tannin is a natural polyphenol capable of reductively adsorbing heavy metal
ions, including Ag(I), Au(IIl), Cr(VI), and Pd(II), due to the large number of hydroxyl
groups it contains [14]. Microspheres consisting of a magnetic Fe;O4 core and silica
shell are favorable as the magnetic core provides for simple magnetic retrieval, while
the silica shell passivates the core and provides active sites allowing for further modi-
fication. Persimmon tannin (PT) was immobilized on the Fe;O4@SiO, spheres to
create an organic—inorganic composite material and applied in the sequestration of
Au(IIT) and Pd(II) [14]. The PT was immobilized onto the spheres via a two-step
method involving the reduction of FeCl; in ethylene glycol to form Fe;O,4 and sol—
gel method to prepare the silica coating [14]. Solution pH between 1 and 5 was
investigated for Au(IIl) and Pd(IT) adsorption. There was an observed increase in
Au(III) adsorption with an increase in pH which was attributed to the more favorable
adsorption of hydrolyzed chlorogold (AuCl3;(OH)™ and AuCl(OH)?") as compared
to AuCly~ which is the dominant species below pH 3. The decreased adsorption
below the point of zero charge (pHpzc) at pH 1.6 resulted from competition for the
available with C1~ ions in solution. The optimum adsorption of Pd(II) was determined
to be pH 3 despite the observed slight increase in adsorption capacity at pH 5 which
was attributed to the formation of Pd(OH),%>~ whose adsorption is less favorable than
that of PdCl;. The transfer and sharing electrons between the Fe;04@SiO, @PT and
metal ions were determined to be the mechanism for adsorption. Au(Ill) and Pd(II)
adsorption onto Fe;0,@Si0, @PT proceeded via a fast adsorption phase with elec-
trostatic adsorption and intraparticle diffusion controlling the process followed by a
slower second phase resulting forms the relatively time-consuming redox process.
Evidence of the redox process was obtained from the post-adsorption XPS analysis,
and the spectra indicated that Au(IIl) was reduced to metallic gold, while Pd(II) was
chelated by oxygen-containing surface groups of the adsorbent. Au(IIl) adsorption
was overall faster than Pd(I) adsorption indicating a higher affinity of the adsorbent
for Au(IIl). The Fe; O, @Si0O, @PT composite demonstrated selective adsorption for
Au(III) despite interference from other metal ions, while the selectivity for Pd(II) was
lower due to competition for adsorption sites with Au(III). Higher concentrations of
CI™ ions also decreased Pd(II) adsorption efficiency.

Magnetite-tea waste composite was prepared by [66] for the adsorption of Pb?*
from rainwater, groundwater, and freshwater [66]. Tea leaves contain numerous polar
aliphatic and aromatic functional groups allowing it to be good adsorbent for heavy
metals [55]. The magnetite-tea waste composite was prepared via co-precipitation of
iron-loaded tea waste in aqueous media resulting in a sixfold increase in the tea waste
surface area with a slight reduction in pore size. The prepared composite retained the
superparamagnetism of Fe;O4 with saturation magnetism values of 7 and 32 emu
¢~ ! for the composite and Fe; Oy, respectively. Formation of the composite prevented
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Fe leaching in the studied water samples. Unmodified tea waste showed consistent
higher Pb?* adsorption efficiencies which is largely attributed to the presence of -
NH, and -COOH functional groups which sequester Pb>* ions, while the presence of
humic acid resulted in the formation of Pb-humate complexes, therefore, lowering
Pb?* concentration in groundwater samples.

The calcination effects of Fe;Os—honeycomb briquette cinders (HBC) —
composite on arsenic (As(IIl) and As(V)) adsorption was studied by [6]. HBC are
waste biomass materials from cylindrical stoves. Arsenic adsorption on the Fe;O4—
HBC—composite surface proceeded via aligand exchange process and formed inner-
sphere complexes [6, 45]. Electrostatic repulsion led to decreased adsorption at higher
pH ranges since the adsorbent surface became increasingly negatively charged.

3.2.3 Magnetite-cellulose Composites

Cellulose is a renewable, biodegradable, and inexpensive raw material as a result of
its abundance in nature; in fact, it has often been cited as the most abundant organic
raw material on the planet [56]. The challenge cellulose-based adsorbents face is
difficulty in recovery, and magnetization of the cellulose adsorbents through the
formation of composites with superparamagnetic magnetite nanoparticles, therefore,
provides a simple solution to this challenge. Several authors have investigated the
formation of composite materials with either pure cellulose or cellulosic materials for
the adsorption of heavy metals from water, and some of their findings are presented
in this section.

Cellulose-magnetite composites were synthesized for aqueous Cr(VI) adsorption
by [53] and [56]. The nanoparticles with sizes ranging between 10 and 40 nm were
attached by the bacterial cellulose (BC) nanofibrils forming a composite material with
saturation magnetization values of 40 emu g~' [53]. The composite was determined
to be superparamagnetic, and the observed results were attributed to the small sizes
of the composite particles. Response surface methodology (RSM) was used to better
understand the influence of the factors and their interactions on Cr(VI) sequestration.
Solution pH and its interaction with the adsorbate concentration were the factors that
most significantly influenced the adsorption process. The optimum pH for adsorption
was determined to be pH 4 from the influence of the factors on the removal efficiency
of chromium. XPS analysis pointed to adsorption followed by Cr(VI) reduction to
Cr(III) by a heterogeneous redox process as the adsorption mechanism.

Amino-functionalized magnetite-silica-cellulose  (Fe;04@SiO, @cellulose)
nanocomposite was prepared in a multi-step synthesis by [56]. The composite
preparation proceeded firstly by magnetite nanoparticle synthesis by co-precipitation
followed by deposition of silica onto the Fe;O4 nanoparticles, and the Fe;O4 @SiO,
particles were suspended in a cellulose solution to form Fe;04@SiO, @cellulose
composite. Amino-functionalization was achieved through grafting of glycidyl
methacrylate followed by reaction with ethylenediamine. Cr(VI) adsorption studies
indicated that the capacity was highly affected by the solution pH as reported in other
studies [42, 53]. The adsorbent showed promising results for Cr(VI) adsorption,
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and reusability tests confirmed its potential to be applied in up to five cycles
while retaining its efficiency. Gupta et al. [17] also reported improved adsorption
capacities for Cr(IIl) adsorption after the formation of composites of multiwalled
carbon nanotubes and magnetic iron oxide.

Other carbon-based materials that have been used in the formation of composites
with magnetite nanoparticles for adsorption include activated carbon [30, 49], starch
[3], wheat straw [58], palm shell [24], and pine cone [42]. From the reports, it
was established that the presence of Fe;O4 nanoparticles in the composites resulted
in ease of magnetic retrieval of the spent adsorbent, while the nanoscale sizes of
magnetite generally improved the accessible surface areas in the adsorbents thereby
improving their efficiency [17]. The functional groups from organic components of
the composites contribute greatly to the sequestration of heavy metal pollutants as
previously discussed.

Table 2 summarizes the adsorption capacities for some of the composites discussed
in this review.

Table 2 Application of magnetite-organic composites in the adsorption of heavy metal (HM)
pollutants

Adsorbent Surface group | Pollutant | Adsorption capacity (mg | Reference
g
Polyacrylic - COOH Cr(III) 54.08 [16]
acid/silane/Fe3 04
PPy/Fe304 - NH Cr(VD) 169.49 [8]
3-MPA SPION - SOsH Cr(VI) 45 [10]
Fe;04@TSC — COOR Cr(III) 549.13 [1]
Fe304@TSC — COOR Co(II) 452.50 [1]
Fe304 NPs@rGO — COOH/-OH | Cu(I) 2.20 [27]
Fe304 NPs@rGO-d-PPG |- COO~ Cu(II) 13.60 [27]
PS/Fe304/CS-PEI — NH,/~-OH Cu(I) 212.30 [64]
Fe304/CS — NH,/~OH La(III) 342.46 [18]
Biochar - COO~ As(V) 3.68 [33]
Chitosan/biochar (CB) — NH,/-OH As(V) 10.6 [33]
MCB — NH,/~OH As(V) 14.93 [33]
Fe304@SiO, @PT - OH Au(IIl) 917.43 [14]
Fe;04@SiO, @PT - OH Pd(II) 196.46 [14]
Fe304-HBC — OH/-Si-O | As(V) 3.36 [6]
Fe304-HBC — OH/-SiO As(III) 3.07 [6]
BC-Fe304 — OH/-COC | Cr(VI) 11.56 [53]
Fe304@Si0O, @cellulose | — NH» Cr(VD 171.5 [56]
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4 Conclusion

Heavy metal contamination of ground water poses challenges in environmental
management, and strategies to improve the remediation efficiency are greatly desired.
The adsorption process provides an alternative to complex treatment strategies.
Adsorption provides ease of operation, selectivity, and wide applicability. The use of
different adsorbents provides selectivity for pollutants and increased adsorption effi-
ciency. The review established that the formation of composites of various organic
materials with Fe;O4 nanoparticles provided high affinities for heavy metal pollutants
and increased surface areas and magnetic separability which provided efficient reme-
diation. The presence of interfering ions minimally affected the adsorption process
owing to high affinity of Fe; O for the studied pollutants. Although numerous studies
on magnetite and its various composites for the adsorption of pollutants from wastew-
ater, most studies utilize synthetic wastewater and are often conducted in batch mode.
Reports on the application of these materials in continuous flows reactors using real
wastewater are still limited and would be crucial to the applications of these composite
materials in industrial applications.
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Zeolite for Treatment of Distillery )
Wastewater in Fluidized Bed Systems L

Seth Apollo and John Kabuba

Abstract Distillery wastewater is among the most polluting industrial effluent
because it contains high organic load and significant amount of inorganic pollutants
such as phosphates, sulphates, nitrates, chloride, calcium and potassium. Normally
biological treatment is applied as the initial treatment step for the degradation of the
biodegradable organic compounds. This is complemented by integrating with other
treatment methods downstream such as chemical oxidation and physico-chemical
processes for further removal of inorganic pollutants and biorecalcitrant organic
compounds. Zeolite has favourable adsorption capacity and can be beneficial in
improving the performance of integrated biological, chemical and physico-chemical
process used in treating distillery wastewater. This work gives an elaborate review on
the application of zeolite as a biomass support material in anaerobic digestion and as
a catalyst support in photocatalytic treatment of distillery wastewater in fluidized bed
reactors. Anincrease in biomass retention time of 8.5-folds and a low biomass detach-
ment rate of 0.038 d~! has been reported with organic load reduction of above 90%
when zeolite is used in anaerobic digesters. Zeolite in anaerobic digester favours
the growth of methanogens in the order Methanococcaceae, Methanosarcina and
Methanosaeta, respectively. Further to this, factors such as catalyst-to-zeolite ratio
and terminal velocity of zeolite particles are significant in the performance of a photo-
catalytic reactor. This work provides significant information on the use of zeolite
to enhance biological and advanced chemical oxidation processes as an integrated
approach for the treatment of distillery wastewater.
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Advanced oxidation processes
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1 Introduction

Distillery industries are major environmental pollutants due to their large discharge
of wastewater which contain large amounts of organic pollutants as indicated by
chemical oxygen demand (COD) value of approximately 80,000 mg/l [1]. Part of
the organic pollutants is biorecalcitrant melanoidins which are products of chemical
reaction of glucose and amino acids [44]. Anaerobic digestion, due to its biomethane
production ability, is considered effective as the first treatment step for distillery
effluent [32, 36, 44]. Due to the biorecalcitrant melanodins in the distillery effluent,
further treatment methods are used after the anaerobic [39, 44].

Physico-chemical technologies such as adsorption and chemical oxidation
methods such as photodegradation have been applied to remove the biorecalcitrant
melanoidins from distillery effluent, particularly after the initial biological treatment
step [6, 9, 13, 14]. Treatment of distillery effluent by adsorption using cost-effective
adsorbents such as natural zeolites has huge potential for colour and melanoidins
removal in biologically treated distillery wastewater [37]. Likewise, there is a huge
potential for the application of photodegradation because it is a rapid process that
do not produce any sludge when used for the degradation of biorecalcitrant organic
compounds (Vineetha et al. 2013). The performance of biological, physico-chemical
and chemical oxidation processes used to treat distillery effluent can be enhanced by
use of naturally occurring adsorbents like zeolite [8, 23, 29].

Naturally occurring zeolites, microporous aluminosilicate minerals, can be used
to enhance anaerobic digestion, adsorption and photodegradation processes used in
distillery effluent treatment due to their unique adsorption properties. When applied
in anaerobic digesters, the microporous zeolites provide conducive sites for micro-
bial growth and also adsorb the organic pollutants hence increasing their contact with
microorganisms [ 18]. When applied in adsorption process, zeolites have huge adsorp-
tion capacity for biorecalcitrant melanoidins and inorganic pollutants in distillery
wastewater [37]. Finally, zeolites can be used as photocatalyst support material in
advanced oxidation process to improve degradation of biorecalcitrant melanoidins
through synergistic adsorption photodegradation process [26]. This work reviews
the application of natural zeolite in enhancing the efficiency of anaerobic digestion,
adsorption and photodegradation applied in the abatement of pollution in distillery
wastewater. Further to this, the performance of zeolite in robust fluidized bed reac-
tors applied in adsorption, photodegradation and anaerobic digestion of distillery
wastewater is discussed.
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Table 1 Review of composition of DWW

119

Parameter (mg/1) [43] [46] [44]

Colour Dark brown - Dark brown
Temperature (°C) 80-90 - -

pH 4-4.6 3.75-3.83 3.0-5.4
Conductivity (mS/cm) 26-31 - -

Total suspended solids 4500-7000 - 350

Chemical oxygen demand

85,000-110,000

68,560-76,600

65,000-130,000

Biochemical oxygen demand

25,000-35,000

29,700-29,800

30,000-70,000

Volatile fatty acids 5,200-8,000 1,500-1,600 -

Sulphate 13,100-13,800 - 2,000-6, 000
Total nitrogen 4,200—4,800 — 1,000-2,000
Chlorides 4,500-8,400 - -
Phosphates 1,500-2,200 - 800-1,200
Phenols 3,000—4,000 450-460 -

1.1 Distillery Wastewater

1.1.1 Characteristics of Distillery Wastewater

The increase in demand for alcohol due to wide spread application of alcohol as fuel,
in food and pharmaceuticals, has led to the rise in distillery industries resulting in a
corresponding increase in wastewater discharge [44]. The ratio of alcohol produced
to wastewater generated during alcohol manufacturing is reported to be 1:15 [43]
The wastewater generated is dark brown in colour and impedes light penetration in
receiving water bodies that leads to asphyxia due to impaired photosynthesis [43].
A review of composition of distillery wastewater is shown in Table 1.

Distillery effluent contains biorecalcitrant melanoidins which are responsible for
its dark brown colour [16, 34]. It is because the melanoidins pass through biolog-
ical treatment without being degraded that an integrated approach is necessary to
achieve complete treatment [5, 13]. Normally melanoidins are removed through post-
treatment methods such as adsorption [37], ozonation [40, 46] and photocatalyitic
degradation [12, 41].

1.1.2 Melanoidins in Distillery Effluent

Melanoidins are brown organic compounds that contain nitrogen heteroatom and are
produced by Millard reaction between amino acids and simple sugars [49]. Due to
their dark colour, they are harmful to the aquatic photosynthetic plants because they
hinder light penetration in aquatic environment [19]. The structure of melanoidin
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produced in the MR heavily depends on the reaction conditions and the type of
amino acids and sugars in the reaction [49].

2 Natural Zeolite

Zeolites are mineral material that are deposited in rocks near areas that have expe-
rienced volcanic activities; therefore, zeolites occur in many regions globally [24].
Zeolites have attractive physical and chemical properties that give them wide appli-
cation including in the animals feed, separation processes, drug delivery, pollution
control and catalysis [10].

2.1 General Properties and Occurrence of Natural Zeolite

The structure of zeolite consists of cation of alkali or alkali earth metals, aluminate,
silicate and water as shown by the following general empirical formula:

Mg/,l.A1204.xSiOQ.yH20 (1)

where x is 2 or higher and n is valency of cation M. The silicate and aluminate are
bonded in the structure of zeolite to form a tetrahydral configuration [23]. Natural
zeolites are classified according to the proportion of aluminium and silica in their
structures and the types and amount of cations present within their structures. There
are various types of zeolite depending on their aluminium and silica content, and they
are classified by their aluminium-to-silica ratio [11]. Table 2 shows various kinds of
natural zeolites and their typical Si:Al ratios.

Zeolite contains about 10-25 wt% water that when evaporated creates voids for
uptake of pollutants [31]. The percentage of water removed can be related to the
adsorption capacity of zeolite because pores left by the water are available for adsorp-
tion. To improve the adsorptive property of zeolite, its surface can be modified to
induce desired surface charges thereby adsorbing the targeted pollutants [37].

Another attractive property of zeolite is its cation-exchange ability. Zeolites are
known to have good cation-exchange capacity, a property which depends on its
cation form and the proportion of silica and aluminium within its structure. It is
the cation that exchanges with other cations in wastewater like ammonium, and the
order of cation exchange of zeolite is 2 meq per gram of zeolite [31]. Due to this
property, zeolites are effectively applied as adsorbent, catalyst and biomass support
in wastewater treatment [4, 26].
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::(Blifez [ 3Cll]a ssification of Zeolite type Si:Al ratio
Analcite 1.00-3.00
Clinoptilolite 2.92-5.04
Chabazite 1.43-4.18
Edingtonite 1.00-2.00
Erionite 3.05-3.99
Faujasite 1.00-3.00
Ferrierite 3.79-6.14
Heulandite 2.85-4.31
Laumontite 1.95-2.25
Mordenite 4.19-5.79
Natrolite 1.5
Phillipsite 1.45-2.87
Stibilite 2.50-5.00
Wairakite 2

2.2 Zeolite as a Suitable Biomass Carrier Material

Zeolites have been widely used as biomass carrier because of their porous structure
that gives them large surface area in the range of 25-27 m?/g and good adsorption
capacity of about 23 mg/g as well as their exchangeable cation that contributes good
cation-exchange capacity of 2 meq/g [4, 23, 28, 31]. These qualities make zeolite to
be an effective biomass support material in anaerobic digesters. The high surface area
ensures high attached biomass density while the good adsorptive property concen-
trates pollutants in close proximity to the biomass for more effective degradation
[7, 17]. Also, inhibitory cations like ammonium and metals can be simultaneously
removed by zeolite through ion exchange leading to stability in the digester [47].
Itis important to determine the type of bacteria which favourably colonizes zeolite
surface for better understanding and control of the digestion process. The bacterial
strands are identified using scanning electron microscope (SEM) integrated with
single-strand conformation polymorphism (SSCP) analysis based on amplification
of bacterial and archaeal 16 s rRNA fragments [50]. Methanogens were found to
be the bacterial species that mostly colonize the zeolite surface during anaerobic
digestion process [31]. Methanogens are the most delicate bacterial strain in the
anaerobic digestion process and are very sensitive to changes in the digester opera-
tion conditions, and their ability to colonize zeolite surface could lead to an increase
in their growth which results in an increase in biogas production [33]. This is due
to the fact that acidogens are more resistant types of bacteria in the digester, and
they produce volatile fatty acids which should be adequately converted to methane
by the methanogens to prevent acidification of the digester and subsequent failure
[33]. Zeolite in the reactor therefore ensures the balance in the population of the
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acid producing methanogens and the methane producing methanogens. Among the
methanogens in anaerobic digestion, it was found that the surface of zeolite was
rich in Methanococcaceae followed by Methanosarcina while the least species
was Methanosaeta [31]. The increase in biogas production when zeolite is used
in anaerobic digestion of various substrates has been reported [31].

2.3 Hydrodynamics of Zeolite in Fluidised Bed Reactor

Solid-liquid fluidization is attained when particles in a fluidized bed reactor are
made to be suspended in the fluid by a fluid flowing at a superficial liquid velocity
above their minimum fluidization velocity (Uy) and below their settling velocity
(Uyp) [23]. The Uy is the velocity at which the bed undergoes transition from fixed
bed to fluidized bed while at velocity above U, particle entrainment by the upward
flowing liquid is experienced. The superficial velocity depends on reactor design and
particle properties. For example, larger particles need higher fluidization velocity
which increases operation cost.

The best fluidization conditions of zeolite particles in fluidized bed reactor can
be predicted by determining Uy, and U, of different sizes of zeolite particles. The
Uy is predicted by a semi-empirical correlation form of modified Ergun equation
correlating pressure drop and fluid velocity at incipient fluidization. Terminal velocity
is calculated using Richardson and Zaki equation which correlates superficial velocity
(U) to terminal velocity (Uy) and bed porosity of expanded bed (¢) as [20]:

U="Uée" 2)

The bed porosity (¢) which is the fraction of the bed not occupied by the particles
is expressed as [23]:

3)

where m is the amount of particles, A. is the reactor cross sectional area, pjp is
particle density, and H is bed height. By plotting linearized form of Eq. (1), different
hydrodynamic parameters of various sizes of zeolite were determined (Table 3).

2.4 Performance of Zeolite in Anaerobic Fluidised Bed
Reactor

Performance analysis of zeolite in anaerobic fluidized bed reactor treating wastewater
has been carried out under various hydrodynamic conditions including bed expansion
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Table 3 Hydrodynamic characteristics of zeolite particles
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Zeolite size | Reactor | Static bed nvalue | Upyr (cm/min) | Ui (cm/min) | References
(mm) size (L) | height/reactor
height

0.7 0.075 ]0.33 0.305 13.8 792 [23]

2.2 0.075 |0.39 0.309 336 336 [23]
0.25-0.315 0.638 |0.35 8.67 [22]
0.315-0.5 0.638 |0.35 11.3 [22]

0.93 15.7 0.126 3.7 19.2 [21]

and particle size (D,) [22]. Ferndndez et al. [17] found that when zeolite of particle
sizes 0.2-0.5 mm and 0.5-0.8 mm was used in fluidized bed reactor, increasing bed
expansion from 20 to 40% at constant organic loading rate had negligible effect
on chemical oxygen demand reduction while there was significant difference in
methane production. This is an indication that bed expansion might have influence
on methanogens population. Slightly higher performance was obtained at higher bed
expansion due to adequate mixing. In the same study, zeolite particles with larger
diameter achieved 5% more COD reduction than those with smaller particle diameter,
with nearly similar methane production for both. Because of the slight difference in
COD reduction, it may be economical to use zeolite with smaller diameter due to
ease of fluidization.

Andalib et al. [4] used zeolite in anaerobic fluidized bed reactor to treat thin
stillage with high concentration (130,000 mg TCOD/1). Zeolite used had particles
size (D,) of 0.425-0.61 mm with density of 2360 kg/m® and settling velocity of
2.8 cm/s while the reactor was operated at up flow velocity of 1.4 cm/s with zeolite
load of 0.18 kg/L. and a working volume of 16 L. The mean biomass attachment
was 37 mg/L with detachment rate of 0.038 d~' corresponding to solid residence
time of 30 days which was 8.5 times higher than the hydraulic retention time. This
showed that zeolite is good for biomass retention in the reactor. Due to the high solid
residence time attained COD removal of up to 88% was achieved. The amount of
biogas produced was 16 L/L¢,cior-d which adequately supplemented fluidization at
superficial gas velocity of 0.02 cm/s [4].

In another study treating distillery wastewater, it was found that zeolite of particle
sizes between 0.25 and 0.8 mm had attached biomass of 40—45 volatile solids (g/L)
[17]. Analysis of the colonies using fluorescence in situ hybridization (FISH) iden-
tified methanogens of species Methanosaeta and Methanosarcinaceae. Methane
production and COD reduction of 0.3 L CH4/g COD and 90%, respectively, were
recorded at organic loading rate of 20 gCOD/m3d when bed expansion of 25% was
used. These findings were in agreement with that of a research by Montalvo et al.
[29] in anaerobic digestion treatment of winery wastewater using zeolite in fluidized
bed reactor operating at bed expansion of 25%. Attached biomass concentration was
found to be 40-46 volatile solids (g/L) corresponding to a COD reduction efficiency
of 86%.
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Despite the effectiveness of zeolite in enhancing the anaerobic digestion of
distillery wastewater by increasing biogas production rate and COD reduction effi-
ciency, the degradation of biorecalcitrant melanoidins is still not achieved [5]. This is
because melanoidins pass through biological treatment without being degraded [44].
It has been reported that integrating anaerobic digestion with advanced oxidation
processes such as photocatalytic degradation, ozonolysis, among others, can achieve
total elimination of organic compounds in distillery wastewater [7, 38, 51].

3 Photocatalytic Degradation

Photocatalytic degradation uses light and semiconductor catalyst for rapid degrada-
tion of biorecalcitrant organic compounds in wastewater [41]. Photocatalytic degra-
dation involves the use of a light irradiated on a semiconductor photocatalyst. The
irradiated light should be of adequate energy to enable electrons to move from the
valence band to the conduction band to initiate reaction with organic pollutants either
through the positive hole created in the valence band or the electron in the conduction
band. The positive hole can directly oxidize the organic pollutants to mineralization
or can oxidize water to produce hydroxyl radical which participate in the oxidation
of the organic pollutants [26].

Titanium dioxide (TiO;) irradiated with UV light or sunlight has been used as
a preferred photocatalyst due to its high photosensitivity, environmental safety and
stability [21]. Despite the enormous benefits of TiO, photocatalyst, it has a main
limitation owed to its low density that makes it difficult to separate from treated
wastewater through sedimentation process. Because of this, various researchers have
suggested methods of attaching the catalyst on various support materials not only
to enhance the post-treatment separation efficiency but also to enhance its catalytic
property [3, 45].

3.1 Support Materials for TiO; Photocatalyst

Over the past few years there has been an exponential growth in interest in the use
of TiO; in the degradation of biorecalcitrant organic compounds in wastewater [35,
45]. Despite the good performance recorded, the application of TiO; in slurry form
phases the challenge of recovery from the treated water. The recovery may require
additional treatments due to the poor settleability of TiO, particles, and this may
increase the wastewater treatment cost [45]. To solve this set back, much effort has
been focused on developing a titania supported on an appropriate material that can
offer high efficiency combined with better recovery [2]. Generally, an ideal support
for photocatalyst must have adequate binding between the catalyst and the material;
moreover, the attachment should not lead to deactivation of the catalyst active sites;
also, the support should have high specific surface area [25, 42].
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3.2 Natural Zeolite as Photocatalyst Support Material

Titanium dioxide has previously been attached on non-porous materials like glass
beads [25]. However, attaching TiO, on porous adsorbent materials like zeolite has
gained fame because this integrates the adsorptive property of the material and the
catalytic activity of TiO,. The preparation method of the catalyst support material
should be carefully chosen to supress the interaction of catalyst and the active sites
of the adsorbent material to maximize adsorption [15].

3.3 Methods of Immobilizing TiO; on Zeolite

Supporting TiO, onto zeolite results in an effective composite adsorbent-
photocatalytic material particularly if the interaction between the two materials do not
result in a reduction in the photosensitization of TiO, and blockage of the adsorp-
tion sites of the zeolite material [15]. The ratio of TiO, to zeolite remains a very
significant parameter under consideration when preparing the catalyst. When TiO,
is available on the zeolite surface at low amounts adsorption dominates over photo-
catalysis, however, at some sufficiently higher concentration of TiO,, photocatalysis
becomes the dominating process. This highlights the need to establish the optimal
proportion of zeolite and TiO, in the composite material that attains best synergy
between adsorption and photodegradation.

Moreover, the calcination temperature employed when attaching TiO, on zeolite
is also a very significant parameter and can greatly influence the ultimate performance
of the photocatalyst. While zeolite is known for its thermal stability, high tempera-
tures can change the physical properties of TiO,. High calcination temperature has
benefit that it leads to the formation of the more catalytically active TiO, anatase
phase; however, it may lead to conglomeration of TiO, particles thus reducing their
surface area [21]. Different authors have suggested different calcination tempera-
tures, for example [15] proposed a calcination temperature of 450 °C for 6 h while
[21] proposed temperatures of 200 °C for 4 h. Some of the established methods
employed in the TiO,—zeolite composite catalyst preparation are discussed below.

3.3.1 Sol-gel Method

A synthesis pathway where TiO, precursor is made into colloids and dispersed in a
medium in which support material has been added. In this method, the viscosity of
the colloid can be controlled to achieve either thick or thin coating of the catalyst on
the support. The TiO, precursors used in this method can be titanium alkoxides or
titanium halogenides, and desired temperature is used to hydrolyse the precusor and
to ensure adequate attachment to the support material to avoid detachment due to
attrition or abrasion during water treatment process [26]. During the heating process,
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hydrolysis through loss of OH group from the precursor and or support material
creates an oxygen bridge which enhances attachment of the TiO, on the support
material [3]. The merit of this synthesis technique is that it ensures strong catalyst
adherence. However, the set back of this method is that there is a wide variation of
catalyst distribution on the support. It is reported that the calcination temperature
and ration of TiO, to zeolite have great influence on the effectiveness of a composite
catalyst prepared through sol-gel method [26].

3.3.2 Thermal Treatment (Solid—solid Dispersion Method)

In this method, the TiO, is mixed with the support material using an appropriate
solvent which is then evaporated. This makes the catalyst to physically attach to
the support, and the TiO, support is then heated at high temperatures in an inert
atmosphere [8, 15]. The thermal treatment is a convenient way to ensure adherence
and to manipulate the quality of the material by controlling crystal structure, porosity
and specific surface area which results into enhanced catalyst activity. As compared
to other methods, this method is advantageous since the TiO; is employed directly
without using any precursor which will need to be crystallized in the process [45].

3.3.3 Chemical Vapour Decomposition Method

This method is convenient for supporting TiO, onto a large surface in a short time
regardless of the shape of the surface while ensuring high purity because the vapour
of material of interest is deposited or condensed on the material. In this method, a
support material is exposed to gaseous volatile TiO, precursor at a controlled high
temperature and pressure in an inert atmosphere [25]. This results in deposition of
a desired thin film of TiO, particles onto the support surface. Though efficient, this
method is expensive and involves a complex procedure.

3.4 Zeolite/TiO; Fluidized Bed Reactor

Zeolite in fluidized bed has been used in adsorption, anaerobic treatment and photo-
catalysis [17, 21, 23]. In photodegradation, titanium dioxide is coated on zeolite
to improve its performance because zeolite has high adsorption capacity towards
organic pollutants [15]. It is also used to improve resistance to catalyst attrition
during fluidization [48] and to improve the efficiency of catalyst separation from the
treated water through sedimentation [26]. In a study that prepared TiO, photocatalyst
immobilized on zeolite through sonication followed by calcination at 450 °C, it was
found that the minimum fluidization velocity of the composite catalyst particles was
0.58 cms ™! while terminal velocity was 8.3 cms™! [48]. The study further established
that a TiO; loading of less than 5 wt% led to a growth of longer anatase crystals while
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increasing the TiO; loading between 2.5 and 5 wt% only increased TiO, coverage
on zeolite by ~23%.

4 Conclusion

This work reviewed the potential use of zeolite in the treatment of distillery wastew-
ater thatin nature contains both biodegradable and biorecalcitrant organic compounds
together with various types of inorganic pollutants. The variant types of pollu-
tants in the distillery effluent make it impossible to be adequately be treated using
a stand-alone process. Therefore, an integrated approach using anaerobic diges-
tion, adsorption and or photodegradation is a practical approach. The review has
shown the potential of zeolite to improve the three processes that can be used
to effectively handle distillery effluent. Zeolite has adsorptive sites on its surface
which are conducive for the immobilization of biomass during anaerobic digestion
which improves the efficiency of the biomethanation process. Also, good adsorption
capacity of zeolite makes it a good support material for TiO, photocatalyst used
in the degradation of biorecalcitrant organic compounds in distillery effluent. The
efficiency of the photodegradation process depends on the ratio of the zeolite to the
catalyst. Factors such as particle size and bed expansion have been shown to have
significant contribution in the performance of zeolite in fluidized bed reactors.
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Photodegradation of Emerging Pollutants | M)
Using Catalysts Supported in Organic oo
and Inorganic Composite Materials

Mauricio José Paz, Suélen Serafini, Heveline Enzweiler, Luiz Jardel Visioli,
and Alexandre Tadeu Paulino

Abstract Issues: Efficient solution treatment methods are necessary for the abate-
ment of pharmaceuticals and pesticides in water, and mitigate environmental impacts.
Chemical, physical and biological water treatment processes have been applied for
the removal of emerging pollutants from water. However, these methods are not
completely efficient due to the formation of secondary pollution, high cost and
time of operation. Advanced oxidation processes can overcome these problems on
water and wastewater treatment containing emerging pollutants. Major advances:
We reviewed in this text catalytic photodegradation processes of pharmaceuticals and
pesticides in aqueous media using catalysts incorporated in/on polymer-based porous
rigid organic solid supports. Advanced oxidation processes are usually conducted
using specific catalysts combined to ultraviolet (UV) radiation emission. Many
catalysts have been studied in UV radiation-assisted water treatment techniques,
including titanium dioxide (TiO,), zinc oxide (ZnO), tin dioxide (SnO;,), cerium
(IV) dioxide (CeO,) and tungsten trioxide (WO3), in addition to chalcogenides (CdS,
CdSe). The UV radiation emission with wavelength lower than 385 nm generates
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electron—hole pairs on catalyst structures, inducing the generation of free radicals
capable of photo-degrading adsorbed pollutants. The photocatalysis of organic pollu-
tants can also take place after emission of either visible light or combination of
UV/visible light. The degradation efficiencies can vary from 61.0 to 99.2% depending
on the employed system. Many catalysts have low photodegradation efficiency due
to their small surface area and low pollutant adsorption capacity. This problem can
be overcome with the immobilization of the catalyst in solid rigid supports. Polymer-
based porous composite materials have been demonstrated to be potential organic
rigid solid supports to improve the photocatalytic degradation efficiency of organic
pollutants due mainly to the increase of surface area. In this sense, we have shown the
incorporation of metal oxides on polymer-based porous composite materials for the
photodegradation of pharmaceuticals and pesticides contained in aqueous solutions.

1 Introduction

The environmental pollution caused by organic and inorganic chemical compounds
has increased in the last years due to the increase of anthropological activities around
the world [60]. This problem is also result of the lack of appropriate environmental
remediation technologies for application on industrial-scale [47]. The industrial,
urban, agricultural and animal production activities are significant sources of environ-
mental pollution as they generate many chemical residues with ecotoxicity, affecting
the ecosystem and animal/human health [70]. Many regions have been contaminated
due to the inappropriate disposal of residues containing emerging pollutants such as
pesticides and pharmaceuticals [24].

Emerging pollutants are synthetic, semi-synthetic, organic chemical compounds
which have not been commonly detected, identified and quantified in the environ-
ment and in biological tissues [23]. Pesticides, herbicides, insecticides, fungicides,
antiparasitic and antibiotics are emerging pollutants with high pollution degree
which must be removed from the environment to protect humans, animals and
plants [51]. The most studied chemical pollutants due to their impacts on the
ecosystem and animal/human health include organochlorines, organophosphates,
neonicotinoids, pyrethroids, phenylpyrazoles, benzimidazoles, triazoles, triazines,
macrocyclic lactones, penicillins, tetracyclines and so forth [63]. These compounds
are significant emerging pollutants for the environment due to the bioaccumulation
capacity, and acute, chronic ecotoxicological and toxicological effects on non-target
organisms, including humans [62].

The intensive use of pharmaceutical compounds for prophylaxis of animals, and
the inadequate management of industrial and urban wastewaters are sources of entry
of pesticides and medicines in the environment [60]. Hence, no-treated industrial
and urban wastewaters increase the environmental pollution indices as some agri-
cultural pesticides and pharmacological compounds can be persistent and mobile,
especially in soil and water [46]. The water contamination by emerging pollutants
generates great concern since it is a vector to transport chemicals into groundwater
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over long distances [56]. Moreover, it is not yet common to find conventional method-
ologies involving water and wastewater treatment plants containing pesticides and
pharmaceuticals [10].

New water and wastewater remediation methodologies contaminated with
emerging pollutants are mandatory to mitigate damages to the environment,
animals and human beings. In this sense, various physical, chemical and biolog-
ical processes have been studied/applied in the residue remediation containing pesti-
cides and medicines [58]. These types of technologies are being frequently classi-
fied as containment-immobilization, separation or destruction [47]. Containment-
immobilization technologies are identified by the use of adsorbent compounds and
physical barriers, whereas separation technologies are applied by using extracting
compounds, solvents, surfactants and washing [60]. Chemical destruction tech-
nologies include ionization, hydrolysis or oxidation reactions, whereas biological
destruction technologies include the use of microorganisms, microalgae, composting,
landfarming, biopiles, slurry bioreactors, vermeremediation and phytoremediation
[47].

Many environmental pollution remediation technologies have still limitations for
the applications in real-world situations, including generation of secondary pollution
due to formation of toxic by-products, undesirable physiochemical and/or biolog-
ical properties in the treated environmental matrix, and high operation cost, energy
consumption and operation time [23]. Moreover, negative influences of temperature,
pH, moisture content, nutrients and matrix compounds are also known problems
during applications of some technologies. One of the biggest challenges for appli-
cations of environmental remediation technologies is the scale-up from a laboratory
plant to industrial plant [23, 47, 60]. Hence, new water and wastewater treatment tech-
nologies containing pesticides and medicines have been studied to overcome the main
problems currently found in the developed methods. Moreover, detailed studies are
necessary to optimize the laboratory experiments to full-scale plant aiming to treat
water and wastewater contaminated with emerging pollutants such as agricultural
pesticides and pharmacological medicines.

2 Methodologies for Water and Wastewater Treatment

Many emerging pollutants contained in water and wastewater industrial are diffi-
cult to biodegrade, needing efficient physical, chemical or biological treatment
techniques for their elimination. The traditional aqueous solution treatment tech-
niques commonly applied to water and wastewater purification have proved to be
little effective as they require physical, physicochemical, or chemical operations
to achieve adequate pollutant removal efficiencies. The most common water and
wastewater treatment processes include coagulation, flocculation, electrofloccula-
tion, membrane-filtration, adsorption, and advanced oxidative processes (AOPs)
[13, 48].
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The most widely used methods for water and wastewater treatment are coagulation
and flocculation. Both experimental procedures are based on agglomeration and
growth of contaminating particles suspended in aqueous media for posterior physical
removal [58]. Coagulation and flocculation are viable strategies for the water and
wastewater treatment due to inexpensive implantation and operation, in addition to
be easily applied at full-scale plants. However, they exhibit low removal efficiencies
of emergent pollutants such as pesticides and pharmaceuticals (less than 10%) due to
physiochemical properties of these compounds [2]. On the other hand, coagulation
and flocculation are potential strategies in pre-treatment processes, followed by a
more specific technology of emerging pollutant abatement in water [46, 71].

Electroflocculation and electrocoagulation as well as conventional flocculation
and coagulation are techniques employed to agglutinate contaminants contained in
aqueous solutions for posterior physical removal. However, processes using electrical
current have advantages due to electrical charge action in possible oxidation—reduc-
tion reactions of compounds, destabilization of emulsions, and formation of flakes
with faster kinetics [65]. Electroflocculation and electrocoagulation are relatively
efficient methods for the emerging pollutant removal from aqueous solutions as
they are versatile and simple to operate. These methodologies can also be important
as previous steps during the execution of a conventional process with the aim of
decreasing the concentrations of pollutants in solutions [49, 68].

Another method that can be applied to remove emerging pollutants from aqueous
solutions is the membrane-filtration technology. This method is based on the phys-
ical separation between aqueous solution and pollutant according to selective perme-
ability of the employed membrane. The water and wastewater purification process
using membrane-filtration is very efficient, mainly at low pollutant concentrations.
This technology is important to applications in urban and industrial wastewaters
[33]. Aqueous solution purification processes involving semipermeable polymeric
membranes have become a reality for the removal of persistent pollutants due to
high retention efficiencies of impurities on such membranes [26]. The main disad-
vantage of this technology is the need of previous treatment processes before using
the membrane-filtration in the removal of solid particles and high pollutant concen-
trations contained in aqueous samples. High solute concentration in aqueous solution
obstruct the membrane, making the treatment process unfeasible [26, 33]. Membrane-
filtration technology has also been applied as an important tool in the oxidation of
emerging pollutants as the membrane can be an efficient solid support to encapsulate
catalysts. In this case, it takes place the pollutant physical sorption and chemical
modification by applying photocatalysis techniques [38, 57].

Sorption has shown to be an important phenomenon in aqueous solution purifi-
cation processes containing low pollutant concentrations. This technique involves a
physical removal process of pollutants after their chemical or physical interaction
in the structure of the solid material [48]. In this sense, new adsorbent solid mate-
rials have been produced to increase the applicability of sorption in the removal of
several emerging pollutants with different physiochemical properties [13, 20]. The
disadvantage of aqueous solution treatment processes involving sorption is related
to production of secondary pollution. It takes place as the pollutant molecule trapped
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in the adsorbent was only transferred from the aqueous solution to the solid mate-
rial structure. Therefore, the adsorbent containing pollutant must be appropriately
treated before disposing, being necessary to think in alternative processes capable
of removing the emerging pollutant without generating secondary pollution [20]. In
this sense, advanced oxidation processes can overcome this disadvantage.

Advanced oxidation processes (AOPs) are based on oxidation reactions of harmful
chemical compounds contained in aqueous solutions with subsequent conversion to
no-harmful intermediates. In this case, the pollutant removal from solution takes
place by physical process as described in other technologies. The oxidative conver-
sion during an advanced oxidation process can sometimes mineralize pollutant
compounds to CO, and H,O or generate partial degradation with formation of
oxidized compounds [37]. Briefly, the advanced oxidation process starts with the
generation of free radicals, especially hydroxyl and oxygen radicals, which have high
oxidation capacity of organic pollutants in solutions [24]. There are several advanced
oxidation processes, including electrochemical oxidation, ozonation, fenton process,
and photocatalytic degradation.

Electrochemical oxidation processes are conducted with production of free radi-
cals after the application of an electrical potential difference between two electrodes
(cathode and anode). In this case, the generated electric current provides necessary
energy for the formation of free radicals [43], starting the pollutant degradation
process. Ozonation is another strategy for the abatement of pollutants in water. The
ozone molecule is naturally a strong oxidant agent, acting directly in pollutant oxida-
tion processes. Moreover, it can be efficiently employed for the free hydroxyl radical
(OH:) formation [55]. The fenton process is applied for the free radical (OH: e
HO,-) formation by using a mixture of iron (II) and iron (III) in solution [21]. The
fenton process is homogeneous when iron (II) and iron (III) are dissolved in solution,
and heterogeneous when iron (II) e iron (IIT) are immobilized in solid supports [8].
Finally, photocatalytic degradation is a technique based on the application of elec-
tromagnetic radiation as energy source for free radical formation. In this method,
the pollutant removal from aqueous solution is performed by using semiconductor
materials capable of absorbing electromagnetic radiation, altering their electronic
shell and forming free radicals [54, 72]. When the fenton process is combined to
electromagnetic radiation, it is named of photo-fenton process [52]. The pollutant
photodegradation can be performed by using different energy sources such as elec-
trical energy and electromagnetic radiation [64]. The main advantage of an advanced
oxidation process is the possibility of complete degradation of the emerging pollu-
tant in solution compared to the conventional water treatment methods involving
physical removal. It avoids secondary pollution as we can see in different technolo-
gies. Overall, photocatalytic degradation is a potential strategy for the purification
of aqueous solutions contaminated with emergent pollutants.
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3 Catalytic Photodegradation

Heterogeneous photodegradation processes are based on the separation of charge
carriers in catalyst structures after sorption of electromagnetic radiation. The sorbed
energy activates the catalyst, generating an electron-hole pair (e~ /h*) [32]. After
segregation, it takes place migration of charge carriers towards the catalyst surface
for the occurrence of oxidation—reduction reactions (Fig. 1).

During this process, oxygen and water free radicals are formed to degrade sorbed
pollutants on the catalyst surface. Sometimes, the pollutant is degraded without the
need of free radicals [28]. The photodegradation efficiency is affected by the sorbed
energy wavelength, separation process of the charge carriers and sorption capacity
of pollutants on the catalyst structure [61]. The sorbed energy amount on the catalyst
surface per light photon must be equal or superior to energy difference between the
material valence band (VB) and conduction band (CB) (band gap of the catalyst, Egg)
for obtaining maximum quantum efficiency. Catalysts with band gap higher than 3 eV
require ultraviolet radiation to each light photon generates an electron-hole pair [32].
This commonly takes place during photodegradation processes of emergent pollu-
tants using titanium dioxide (TiO,) as catalyst [6]. The separation process of the
charge carriers in the catalyst structure is a critical moment during photocatalysis as
the electron—hole pair must remain without changes during the oxidation—reduction
reactions [32]. Overall, sorbed pollutant degradation reactions on catalyst surfaces
might not occur at high charge carrier recombination speeds, even at appropriate radi-
ation wavelength. Thereby, techniques for the reduction of the catalyst particle sizes
and immobilization processes of the catalyst in/on solid rigid supports have been

Fig.1 Schematic drawing
of the heterogeneous
photodegradation process

showing the formation of LIGHT
electron-hole pair (e~/h*)
and variation of band gap
energy (Epg) between the
valence band (VB) and
conduction band (CB) after
electromagnetic radiation
emission on the catalyst
surface

Reduction site

Oxidation site
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widely employed to overcome this problem [32]. The compound sorption on cata-
lyst surfaces influences the heterogeneous photodegradation efficiency of emergent
pollutants [61]. In this case, the mass transfer process at the interface between cata-
lyst and sorbed pollutant is fundamental for the photodegradation. As the compound
sorption on catalyst structures is a slow process compared to recombination speed
of charge carriers, the sorption process alters the photodegradation efficiency [61].

The most widely used catalyst in photodegradation processes is the titanium
dioxide (TiO;) as it has low toxicity [29]. The main challenge to use this catalyst is
its large band gap energy when the aim is the activation by (solar) visible light. This
disadvantage can be overcome by preparing TiO, nanostructure with high surface
area. This type of nanostructure to allow photodegradation in milder operational
conditions, decreasing the cost of the catalytic process [25]. Other metal oxides have
also been employed in photocatalysis, including tin dioxide (SnO;), cerium (IV)
oxide (CeO,) and zinc oxide (ZnO). These compounds are resistant, electromag-
netic and low-cost materials when comparing with noble metals [32]. Moreover,
ZnO has photocatalytic efficiency similar that found for TiO,, however, with lower
significantly cost [31]. The catalytic activity of ZnO can still be increased after
combination with copper oxide II (CuO,) due to formation of heterojunctions [1].
Metal—organic frameworks (MOFs) are materials formed by transition metals and
organic compounds. These materials have proved to be attractive alternatives for the
photodegradation processes of emergent pollutants [22]. MOFs and nanocomposites
prepared with chalcogenides (CdS, CdSe) are structures capable of absorbing visible
radiation due to lower band gap energy [27]. It is very interesting for photocatalytic
processes by using solar light.

Heterogeneous photodegradation is an interesting technique for the aqueous solu-
tion treatment containing emergent pollutants such as pesticides [40] and pharma-
ceuticals [72]. Recent works show that the removal of pesticides and medicines from
aqueous solutions by using heterogeneous photocatalysis is satisfactory as it is an
eco-friendly technology [4]. For instance, heterogeneous photocatalysis can be used
for the photocatalytic degradation of methyl parathion by using UV radiation and
ZnO-based catalyst [4]. In this case, the morphologic structure modification of the
pure zinc oxide from nanospheres to nanorods increased the degradation percentage
of methyl parathion from 65 to 98% after 3 h irradiation. Additionally, the operation
time was reduced to 80 min by impregnating ZnO in nanorods without efficiency
loss. Zirconium-doped TiO, thin films proved to be efficient for the chloridazon and
4-chlorophenol photodegradation with radiation of wavelength higher than 320 nm
[44]. An almost complete degradation for both compounds can be obtained after 4 h
of study. Moreover, several herbicides could be degraded with visible (solar) light
radiation by using oxidized carbon nitride as catalyst [36].

Dichlorophenoxyacetic acid (2,4-D) is one of the most widely applied herbicides
in agricultural crops. When 2,4-D enter the environment causes toxicity for humans
and animals. Its high chemical stability difficult the photodegradation process [34].
Table 1 shows some applications of photocatalytic processes for the degradation of
2,4-D. Several experimental conditions have to be optimized for the efficient abate-
ment of 2,4-D in water, including catalyst amount, initial pollutant concentration,
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Table 1 Photocatalytic processes for the degradation of 2,4-dichrolophenoxyacetic acid (2,4-D)
with different catalysts and ultraviolet (UV) radiation wavelengths

Photocatalyst Conditions Main results References
Oxygen-doped — 15 mg of catalyst — Degradation of 98.7% [16]
graphitic carbon nitride (0.06 mg/mL) (UV, 140 min)
— Substrate (25 mL, — Degradation of 61.5%
100 ppm) (visible, 120 min)
— UV light irradiation
(250 W Hg lamp or the
visible light irradiation
(a blue light laser)
Fe3;04,@WO3/SBA-15 | — 40 mg of catalyst — Degradation of 90.73% | [34]
— Substrate (100 mL,
1070 mol/L)

— UV irradiation (60 W, '\
= 254 nm), 240 min

Au-TiO; [biphasic
nanobelt structure
(TiO2(B)/anatase) with

— Pyrex cylindrical reactor
— 1 g/L of catalyst
— Substrate (0.53 mmol/L)

— Degradation of 99.2%
(toxicity mainly due
intermediate

(7]

anatase as predominant | — pH 3 2,4-dichlorophenol and
phase] — Continuous air-bubbling, | was eliminated in 4 h)
under UVA radiation

(60 W), 120 min

wavelength and power of the radiation source, and reaction time. Some catalysts
that could be employed for the abatement of 2,4-D in aqueous media by photocatal-
ysis are carbonaceous-based, oxide-based and zeolite-based materials. The catalytic
activity increase can be efficiently obtained by doping porous solid supports and
changing the catalyst morphologies. Photodegradation experiments of 2,4-D at opti-
mized conditions can achieve a removal efficiency around 90% at short reaction
times.

Photocatalytic degradation processes are also useful for aqueous solution treat-
ments containing pharmaceuticals [67], including antibiotics and anti-inflammatories
[19]. Caffeine has been utilized as model pollutant in several photodegradation
studies due to its excellent stability and toxicity [5, 42], in addition to be present in
medicine such as anti-flu. According to [72], less than 40 studies about photocatalytic
treatments of residues containing antibiotics were published by 2014, with increase
to 280 in 2019. Different strategies have been employed to increase the antibiotic
photodegradation efficiencies in solutions aqueous. For example, the levofloxacin
and tetracycline removal efficiency from water achieved around 95% using photo-
catalysis [17, 18]. Anti-inflammatories as the non-steroids are emergent pollutants
which are frequently being found in urban aqueous wastewaters due mainly to their
random use and disposal. Overall, non-steroids, diclofenac and ibuprofen are the
most widely found emerging pollutants in surface water [9, 30]. Table 2 shows a
variety of applications for the photocatalytic degradation processes aiming to reduce
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Table 2 Photocatalytic degradation processes for the reduction of the concentrations of diclofenac
and ibuprofen in aqueous media

Pharmaceutical

Photocatalyst

Conditions

Main results

Reference

Sodium
diclofenac

BiOI-Ag3PO,
nanocomposite

— Catalyst
(0.5 g/L)
— Substrate
(10 mL, 5 mg/L)
— Solar simulator
radiation (40 W
tungsten lamp)
— Time: 60 min

Efficiency of
61%

[45]

Sodium
diclofenac

C0304/WO3

— Batch reactor

— Catalyst
(30 mg)

— Substrate
(50 mL,
15 ppm)

- pH10.7

— Visible light
radiation (80 W
Hg lamp, cut-off
filter)

— Time: 180 min

Efficiency of
98.7%

[41]

Sodium
diclofenac

Fluorine-doped ZnO

— Batch reactor

— Catalyst (1 g/L)

— Substrate
(10 mg/L)

- pH=6.5

— Solar simulated
radiation
(1500 W Xe arc
lamp)

— Accumulated
energy
(400 kJ/m?)

Efficiency of
90%

[59]

Ibuprofen

Au/meso-TiOy

— Simultaneous
photocatalytic
degradation and
water splitting

— Catalyst
(50 mg)

— Substrate
(100 mL)

— Substrate
solution
(15 mg/L),

— pHfrom5to9

— Simulated
sunlight
irradiation
(300 W Xe
lamp)

— Time: 60 min

Complete
degradation
with
production of
94.5 pmol/h/g
of H2

[73]

(continued)
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Table 2 (continued)
Pharmaceutical | Photocatalyst Conditions Main results | Reference

Ibuprofen Z-scheme CdS/Fe304/TiO» — Catalyst (0.2 g) | Efficiency of | [74]

nanocomposite — Substrate 94.2%
(200 mL,
10 mg/L)

— Visible light
radiation
(300 W Xe
lamp, cut-off
filter)

— Time: 180 min

the concentrations of diclofenac and ibuprofen in aqueous media. A similar vari-
ability has been found between the pharmaceutical and pesticide photodegradation
processes, highlighting the use of solar radiation and the increase of the quantum
efficiency of metal oxide-based catalysts.

Even with several studies about photocatalytic degradation for water and wastew-
ater treatment containing emergent pollutants, some difficulties are still found which
need to be overcome. Some problems that are being studied to improve the emerging
pollutant photocatalytic efficiencies in aqueous solutions include the impossibility of
using visible radiation from the solar emission spectrum [30, 50], the aqueous solu-
tion matrix effect on the involved photodegradation mechanisms [39] and catalyst
types. Studies have shown that the use of catalyst nanoparticles increases the photo-
catalytic efficiency. However, nanoparticles are difficult to remove from aqueous
solutions and increase the cost/benefit of a purification process [12, 31]. In this sense,
catalyst incorporation techniques in solid rigid supports are interesting strategies to
overcome the separation problems of the catalyst nanoparticles from aqueous solu-
tions. It can enable the scale-up of a photodegradation technology from laboratory
plant to full-scale plant.

4 Photocatalysts Supported on Solid Materials

The use of metal oxide nanoparticles as catalysts in photodegradation processes is
advantageous as they have higher active surface areas for interaction with pollutants.
However, the recovery of these nanoparticles at the end of the photocatalytic process
is ineffective [53]. One of the alternatives to facilitate the recovery of photocata-
lysts is using incorporation processes in solid rigid supports. Photocatalysts incorpo-
rated in solid rigid supports are effective due to higher activity in wider pH ranges,
higher catalyst stability, higher surface area, and easy of incorporated catalyst sepa-
ration at the end of the photocatalytic process [11]. Metal oxides have been incor-
porated in graphene-based, polymer-based, zeolite-based materials to improve the
performance of advanced oxidation processes [69]. The potentials of conduction and
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valence bands of photocatalysts are affected by aqueous solution pH values. These
effects decrease when using photocatalysts supported in solid matrices. Hence, active
photocatalysts incorporated in porous solid rigid supports have proved to be efficient
reagents for photocatalytic processes in the water and wastewater treatment at wider
pH ranges [11]. It enables the water and wastewater treatment containing emerging
pollutants without adjusting the original solution pH. This is important as some types
of emerging pollutants are contained in either acid or alkaline solutions, not being
necessary the previous pH adjustment before starting the photodegradation process
[6].

The physiochemical properties of the most of solid rigid supports are important
for incorporation processes of photocatalysts [6]. For example, the catalytic activity
of iron oxide II (FeO) increases when this catalyst is supported on clinoptilolite
nanoparticles due to the increase of the active site amounts generating free radicals
[3]. The incorporation of either FeO or even other catalyst in semiconductor-based
materials has indicated significant improvements of photocatalytic efficiency, varia-
tion of the recombination rate between electrons and holes, and changes in the band
gap energy [3, 34]. Graphene-based hydrogel nanocomposites are excellent alterna-
tives for the incorporation of palladium due to high reduction capacity of nitroarene
in aqueous solutions by photodegradation. In this case, the photodegradation effi-
ciency was higher than 99%, with the advantage of being possible the photocatalyst
reutilization in different photocatalytic processes [15]. These types of nanocompos-
ites could be potential alternatives for the incorporation of other catalysts for the
photodegradation of emerging pollutants.

Polymeric nanocomposite structures can affect the efficiency of photocatalysts
after the incorporation process [27]. Thus, further researches are still needed to
comprehend the interaction between solid support and photocatalyst during water
and wastewater treatment involving advanced oxidation processes. Studies have high-
lighted that functional groups such as phosphorus, sulphur and nitrogen present in
polymer matrices containing immobilized catalyst affect the heterogeneous catal-
ysis [14]. Overall, catalysts incorporated in either inorganic or organic polymeric
composite materials decrease costs of heterogeneous photocatalytic processes as it
is possible to recovery the photocatalyst particles for successive studies of emerging
pollutant removal contained in aqueous solutions.

Semiconductor oxides doped with known amounts of either transition metals
or non-metal species are also potential alternatives for photodegradation studies
of emerging pollutants [54]. These types of composites can form electron capture
centres, increasing the photocatalytic efficiency and enabling their use for the
emerging pollutant removal from aqueous solutions using advanced oxidation
processes with application of solar light irradiation. These composites could also
be easily incorporated in porous solid rigid supports. However, oxide/polymer struc-
tures affect the photocatalytic activity over the supported catalyst. Photocatalysts
incorporated in composite membranes have shown excellent results in the aqueous
solution purification [35]. Finally, integrated reactors have emerged as an efficient
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possibility in the purification of water and wastewater containing emerging pollu-
tants. In this system takes place a membrane-filtration process followed by photo-
catalytic reactions with lower costs for the aqueous solution purification. Filtration
membranes containing incorporated photocatalytics are advantageous due to their
anti-fouling properties [66].
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Agricultural Wastes Utilization in Water )
Purification e

Anupam Agarwal, Mayuri Rastogi, and N. B. Singh

Abstract Water is considered to be life, and therefore, availability of pure water is a
must. Due to industrialization and urbanization, lot of pollutants are discharged into
water, which makes water hazardous and harmful to health and environment. Most
important pollutants are dyes, organic compounds, and heavy metal ions. Number of
methods are being used to purify the water. Out of different methods, adsorption is
found to be the most efficient and economical technique. For this method, suitable
and low cost adsorbents are required. A pragmatic shift is ongoing in waste material
management and wastewater treatment technology due to the large amount of waste
production worldwide and the necessity for cheap adsorbents to reduce wastew-
ater treatment costs. A number of agro-industrial wastes and chemically modified
wastes are being used as adsorbents for the removal of organic pollutants (dyes and
organic compounds) and inorganic pollutants (heavy metals and different ions) from
wastewater. Removal efficiencies by chemically modified agro-industrial wastes are
found much higher as compared to raw wastes because they have higher surface
area and porosity. In this chapter, different agricultural wastes and derived products
from agricultural wastes (organic compounds, inorganic compounds, composites, or
nanomaterials) have been discussed for decontamination of different pollutants from
wastewater. Effect of different parameters on removal efficiency has been described.
Adsorption isotherm models and kinetic models have been discussed. Process of
desorption and reuse is also pointed out.

1 Introduction

Water and oxygen are most important for survival on Earth. Only 1% of the total
water available on earth is accessible as freshwater. Urbanization, industrialization,
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civilization, and population growth pollute natural resources and become a threat to
future generations. Because of this, there is a global scarcity of clean water. There are
number of pollutants such as dyes, toxic metals, and microorganisms contaminated
with water are very harmful to ecosystem and human health (Fig. 1) [15, 30]. Number
of methods used for purification of water is given in Fig. 2.

Out of different methods given in Fig. 2, adsorption technique is found to be
the most effective and economical. The efficiency of all adsorbents and wastewater
treatment technologies depends on factors like cost-effectiveness, good competence,
simplicity of use, equally effective for all kind of pollutants, entails minimum main-
tenance, fast reaction time and regeneration. Out of different adsorbents, agricultural
wastes are most cost effective but the adsorption efficiency may not be very good. In
this chapter, adsorbents such as agricultural wastes and products derived from them
have been used for purification water and results discussed.

2 Removal of Pollutants by Agriculture Waste

2.1 Raw Agro-Waste and Water Purification

It is reported that orange peel is used for the adsorption of manganese, iron, and
copper metal ions from aqueous solution. Surfactant modified orange peel showed
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better removal of metal ions. Adsorption is also affected by pH, and the highest
adsorption occurred at pH 6.0 [9]. Bamboo shoot skin has been used for the removal
of methylene blue dye from aqueous solution, and the maximum adsorption capacity
was found to be 29.88 mg/g. Agricultural waste generated from cauliflower leaves
was used to prepare bioadsorbent for the removal of methylene blue dye. The leaves
were washed, dried, and crushed into powder and used in batch adsorption experiment
at different temperatures, concentration of methylene blue dye, adsorbent dose, and
pH of the solution. Cauliflower leaves powder can be regenerated up to six cycles by
acidic solvent. Maximum adsorption occurs at pH 9.0 [6].

Durian peel, natural product bagasse, coconut shell, walnut shell, castor seeds,
palm fruit biomass, rice husk, and sugarcane bagasse are reported as good bioadsor-
bent for removal of dyes, metal ions, and oil by-products from polluted water (Fig. 3)
[8, 16, 20].

Rice husk is considered as a lignocellulosic waste material of low value. It has been
reported as a potential adsorbent for removal of cadmium, chromium, and phenolic
compounds from water [13]. Rice husk has been used as fixed bed column for the
removal of TI** from aqueous solution. As the bed height (adsorbent mass) increases,
adsorption increases. Breakthrough curves are given for different bed height while
other parameters (flow rate 0.4 x 1073 m?3/min, concentration of thallium nitrate
TI(NO3)3-3H,O = 10 g/m3, pH = 10 and T = 298 K) were kept constant (Fig. 4).
The results are good for 7 cm height [17].
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Cucumber peal powder is used as adsorbent for removal of methylene blue dye
(Fig. 5) [28]. The adsorbent can be regenerated. The optimum dose of 4 g in 1000 mL
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Fig. 5 Removal of methylene blue dye by cucumber peel adsorbent [28]
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dye solution (25 mg/L - 250 mg/L concentration) can remove approximately 80% of
methylene blue dye in 30 min [28].

Watermelon rind is used for removal of heavy metal ions and dyes from water. The
maximum dye adsorption capacity 231.48 mg/g for methylene blue and 104.76 mg/g
for crystal violet between pH 8—11was obtained [7].

2.2 Chemically Modified Agro-Waste and Water Purification

HNO;3- and NaOH-treated tangerine peel was used for the removal of heavy metal
ions from aqueous solution. Approximately 89% removal occurred at pH 5.0 with
300 mg dose of adsorbent in less than 20 min (Fig. 6) shows that tangerine has highest
adsorption capacity for Cu metal ions and lowest for Cd metal ions [3].

Sugarcane bagasse has been reported as a potential adsorbent for metal ions.
Phosphoric acid-treated sugarcane bagasse column has been used for Pb%* removal
in the presence of other metal ions given (Fig. 7) [35].

A group of researchers reported the use of partially esterified sugarcane bagasse
and polyacryl nitrile (PAN)-coated bagasse for the removal of various types of oil
from sea water [2]. The results were compared with raw bagasse (Fig. 8). It is clearly
visible from Fig. 9 that adsorption capacity improved drastically on modification
[14].

Amphiphilic konjac glucomannan—chitosan (AP-KGM/CS) aerogel is reported
for the removal of metal ions and dyes [22]. AP-KGM/CS is a uniquely designed
material which possesses both anionic and cationic site, good specific surface area,
abundant functional group, and high porosity (Fig. 9). It showed an adsorption
capacity of 318 mg/g forPb?*, 184 mg/g for Cu** and 94 mg/g for Cd** in mixed
solution (Fig. 10) [22].
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Fig. 6 Adsorption of different metal ions on tangerine peels as a function of time [3]
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Fig. 10 Adsorption of metal ions on amphiphilic konjac glucomannan—chitosan (AP-KGM/CS)
aerogels [22]

NaOH-treated rice husk is a potential adsorbent for reactive yellow dye removal
[27]. Pyromellitic dianhydride (PMDA)-treated sugarcane bagasse is found to be a
good adsorbent for the removal of methylene blue and rhodamine B dye from binary
solution. It was noticed from breakthrough plot (Fig. 11) that after a point methylene
blue substitutes the thodamine B from active sites and get adsorbed, which proved
that PMDA-modified sugarcane bagasse is better adsorbent for methylene blue dye
[38].
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2.3 Thermally Modified Agriculture Waste

A group of researchers from Brazil reported the use of biochar prepared from elephant
grass (Pennisetum purpureum), waste coconut, guava, and orange biomasses for the
adsorption of polycyclic aromatic hydrocarbon from aqueous solution (Tablel). The
results showed that the biomass containing high lignocellulosic content was the best
adsorbent [10].

Carbonized (CO, atmosphere) and pyrolyzed (N, atmosphere) product of broccoli
stalks, cauliflower cores, and coconut shell have been used as adsorbents for removal
of heavy metals from aqueous solution. Biosorbent is prepared by the pyrolysis at
600 °C for 2 h acted as the best adsorbent for heavy metal ions removal from aqueous
shown [21]. It is also reported that the adsorption of metal ions on the surface is due
to the interaction with oxygen containing functional groups [21].

Carbonized coconut leaves have been used for adsorptive removal of organic
pollutant maleic acid from water. Three methods for activation of coconut leaves
were used, and the SEM pictures are given Fig. 12 [18]. SEM images clearly show
the pores on the surface which provides the active sites for adsorption of maleic acid.
The adsorbent prepared by chemical as well as thermal activation was found best for

Table 1 Comparison of the adsorption capacities of biochar for the polycyclic aromatic hydrocar-
bons in mixed solutions [10]

PAH Orange waste | Elephant waste | Guava waste Coconut waste
biochar biochar biochar biochar
Jad % (ad % (ad %o (ad %
Benzo(a)anthracene 18.55 |76.42 |19.41 |79.97 |15.52 |79.81 |18.80 |8&1.73

Benzo(b)fluoranthene 15.66 6692 |17.25 |73.75 |10.88 |54.69 |18.09 |78.51
Benzo(k)fluoranthene 17.25 |68.78 |18.88 |7529 |17.11 |77.28 |21.01 |81.94
Dibenzo(a,h)anthracene | 6.52 |27.98 |14.11 |60.57 0.01 0.05 7.86 |33.84
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* Leaves were impregnated with

» Leaves were dried in muffle
furnace at 300°C for 2h with ZnCl; and heated for 1h on hot * Heated in microwave
limited air supply plate. Kept for 24 h.

* Heated in muffle furnace at 300°C

Fig. 12 Different methods for the preparation of adsorbent using dried coconut leaves

the maleic acid adsorption. The adsorption was due to hydrogen bond formation at
the surface of adsorbate [18].

Carbonized marigold flower (Fig. 13) and Kailsaw dust were found to be potential
adsorbent for metal ion removal and dye removal from aqueous phase [4, 14].

A number of adsorbents like spent tea leaves and other agriculture wastes were
found for an efficient removal of synthetic dye and heavy metal ions from aqueous
solution by batch adsorption and packed bed column methods [31].

. Before Adsorption=:

o
t

Fig. 13 Adsorption of Cu(II) metal ion on carbonized marigold flower waste [4]
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Fig. 14 Degradation of congo red dye with a NaBH4 and b NaBH,4 + Pd nanoparticles [24]

3 Removal of Pollutants by Using Materials Derived
from Agriculture Wastes

3.1 Metal and Metal Oxide Nananoparticles Obtained
Jrom Agro-Waste

A group of researchers have reported the use of cotton ball agricultural waste for Pd
NPs preparation, and they have used the prepared nanoparticles catalysts to degrade
azo dyes (sunset yellow, methyl orange, Tartrazine, and congo red) in combination
with NaBH, from water (Fig. 14). The Pd nanoparticle catalyst showed 95-97%
reduction in less than 15 min [24].

3.2 Cellulose or Cellulose-Based Composites Obtained
Jrom Agro-Waste

Nanocrystalline cellulose obtained from oil palm empty fruit bunch agricultural waste
was found very efficient adsorbent for methylene blue dye removal from aqueous
solution (Fig. 15) [29].

Cellulose-supported CulnS, nanocomposites are reported for the degradation of
rhodamine dye (Fig. 16). Banana, orange, sweet lime, and pomegranate waste fruit
rinds have been used to extract cellulose [32].
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Fig. 15 Methylene blue dye adsorption on nanocrystalline cellulose [29]

3.3 Carbon Material and Carbon-Based Nanomaterials
Jrom Agro-Waste

Inorganic/organic composites derived from agro-waste

Inorganic—organic frameworks (IOFs) are emerging hybrid materials, which
possess high surface area and large number of active sites. These are reported as
good adsorbent for hazardous material such as dyes, insecticides, and some other
organic pollutants. Synthesis of Cu-BTC @ Cotton composite by coordination inter-
action between Cu and cellulose has been reported (Fig. 17). The prepared composite
showed efficient adsorption of ethion insecticide in aqueous solution [1].

Cellulose obtained from sugarcane bagasse has been used as an adsorbent. The
modification is done in cellulose by converting into magnetic biochar and doping
it with N or S (Fig. 18). The prepared adsorbent is found to remove approximately
99% bisphenol A (Cy = 100 ppm, T = 343 K) at pH 7 [5].

Biochar derived from agriculture feedstock contains carbonized and non-
carbonized fraction which work as effective inorganic/organic framework for
cost-effective removal of organic pollutants (Fig. 19) from water [19].

A group of researchers has reported an effective Inorganic framework by the green
synthesis of biomass-derived activated carbon/Fe-Zn bimetallic nanoparticles from
lemon wastes for heterogeneous Fenton-like decolorization of Reactive Red 2 dye
(Fig. 20) [25].

Zhao et al. [39] has reported the use of biomass-based iron carbide nanocomposite
for the removal of methyl orange dye. The prepared adsorbent is highly efficient and
stable at variable pH. The composite (Fe;C) had a core—shell structure in which
zerovalent iron is coated with iron carbide and mixed in biochar. High surface area
and pore volume make it effective for adsorption of methyl orange [39]. A group of
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Fig. 16 a Time-resolved photoluminescence spectra for Cel, Cu®, and Cu® photocatalysts. b
Schematic representation of the mechanism of dye degradation process [32]

researchers has reported that amino-functionalized biomass-derived porous carbons,
an organic—inorganic composite, shows enhanced aqueous adsorption affinity and
sensitivity for sulfonamide antibiotics (Fig. 21) [34].

Some researchers have successfully prepared amino-functionalized biomass fly
ash (BFA—APTES), an organic—inorganic composite, and performed adsorption
experiment for the removal of two anionic dyes, namely alizarin red S (ARS) and
bromothymol blue (BTB) [11].

Vyas et al. [33] have reported the use of Tinospora cordifolia-derived biomass
functionalized ZnO particles as an organic—inorganic composite for effective removal
of lead(Il), iron(IIl), phosphate and arsenic(Ill) from water. Prepared adsorbent
showed excellent adsorption properties. Magnetic biochar prepared using coconut
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Fig. 17 a Adsorption of pesticide on Cu-BTC@cotton composite and b effect of the Cu-
BTC@Cotton dose on ethion insecticide adsorption [1]
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Fig. 18 Preparation of N/S-doped magnetic aerogel from sugarcane bagasse [5]

shell was used effectively for the removal of lead and cadmium from wastewater.
The value of adsorption equilibrium Q. was found 99.91 mg/g for Pb metal ions and
109.29 mg/g for Cd metal ions [36].

Sugarcane bagasse (SB), rice straw (RS), peanut shells (PS), and herb residue
(HR) were pulverized, sieved, and immersed in diluted steel pickling waste liquor
which contain approximately 12 g/L of iron to make the biomass iron rich. The
obtained material was then heated in muffle furnace, meshed, and sieved. The
prepared magnetic biochars (BC) were used for the removal of Cr (VI) metal ions.
The effect of zeta potential on the removal of Cr (VI) has also been investigated. The
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of catalyst dose on the Reactive Red 2 dye decolorization [25]

magnetic biochar shows the positive zeta potential than the raw biochar (Fig. 22). It
is observed that higher the positive charge on magnetic biochar, higher the removal
of Cr (VI) metal ion [37].

Iron oxide and CuO nanoparticles fabricated rice husk biochar have been reported
for the removal of arsenic and microbial contamination from water. The effect of pH
and SO4~, PO4~, and F~ ions on the removal arsenic at pH 7.0 was found more
appropriate for arsenic removal. Increasing concentration of SO,~, PO4~, and F~
ions showed negative impact on adsorption of arsenic [26]. Ethylene diamine/Fe(III)-
functionalized saw dust is an effective and recyclable phosphate-binding ligand (39.9
=+ 8.1 g/kg) in agricultural runoff (Fig. 23). The recovery of phosphate is also possible
by the adsorbent [23].
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Fig. 22 Zeta potential of magnetic biochar obtained from sugarcane bagasse, rice straw, peanut
shells, and herb residue (HR) [37]

Magnetic  composite  polyethyleneimine = with ~ sugarcane  bagasse
(Fe;04@PEI/SCB) was prepared and analyzed by SEM, XRD, and FTIR. It
was used for the removal of Cr (VI) and Orange II dye from aqueous solution. The
Langmuir model was found to fit the data [12].
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4 Adsorption Isotherm Models

The adsorption isotherms are helpful for the determination of adsorption capaci-
ties of used adsorbents. In adsorption process, when the concentration of adsor-
bate molecules in the solution is in equilibrium with the concentration of adsorbate
molecules on the surface of adsorbent, a state is reached at which adsorption becomes
constant. This stage is called adsorption equilibrium. The condition of equilibrium is
a characteristic of the entire system, e.g., adsorbate, adsorbent, solvent, temperature,
pH, particle size, etc.

The equilibrium data at a fixed temperature is represented by adsorption isotherms.
The study of adsorption isotherms gives an idea of adsorbent capacity for adsorption
of specific adsorbate. Monolayer or multilayer surface phase may be involved in the
adsorption. Several adsorption isotherm models were proposed to determine the ratio
of dye molecules, adsorbed on the adsorbent surface and that remained in solution at
equilibrium at a given temperature, but Langmuir, Freundlich, and Temkin models
are widely studied for dye removal.

4.1 Langmuir Isotherm Model

The Langmuir isotherm model explains the behavior of adsorbate as an ideal gas at
isothermal condition. It predicts homogeneous monolayer adsorption of adsorbates
on equivalent adsorbent sites. The linearized equation for the model can be written
as:

o (1)
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where C, and g, are the remaining concentration (mg/L) and amount of dye adsorbed
(mg/g) at equilibrium, respectively, while Q° (mg/g) and b (L/mg) both are the
Langmuir constants. This model is failed to account for the roughness of surface. It
also neglects the adsorbate—adsorbent interaction on nearby sites.

4.2 Freundlich Isotherm Model

Freundlich isotherm model explains the relation between quantities of adsorbate
adsorbed on the adsorbent surface to the remaining quantity of adsorbate in the
contacting solution. It predicts multisite adsorption on the heterogeneous surface.
The linearized equation can be written as:

1
log g, =log Ky + —log C, 2)
n

where K¢ and n both are Freundlich constants, used for determining adsorption
capacity (L/mg) and adsorption intensity, respectively. This model is not suitable at
high pressure.

4.3 Temkin Isotherm Model

The Temkin isotherm model explains the indirect adsorbate—adsorbent interaction
on nearby active sites. The linearized equation for Temkin adsorption isotherm is
given by following Eq. 3.

q. = B1InA + B InC, 3)

where B = L

A (L/g) and B are Temkin constants, R is the gas constant, 7T is the temperature in
Kelvin, and b (J/mol) is a constant connected to the heat of adsorption.

5 Kinetic Models

The kinetics of adsorption can be understood by considering following two kinetic
models. Integrated pseudo-first-order and pseudo-second-order rate expressions are
given by Egs. 4 and 5, respectively.
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where ge.and q are quantities of adsorbates, adsorbed at equilibrium and at various
time t, k; and kjare the pseudo-first-order and pseudo-second-order rate constants.

The plots of log (qe—q) versus t for a pseudo-first order and t/q versus t for
pseudo-second order are used to determine the kinetic constants. The suitability
of the kinetic model for a particular adsorbate—adsorbent system is decided by the
values of correlation coefficients (R;? and R,?).

6 Mechanism of Adsorption

The sorption of organic pollutants on biochar takes place by different kind of
interactions (Fig. 24) [19].

The mechanism of decolorization of Reactive Red dye by biomass-derived
activated carbon/Fe-Zn bimetallic nanoparticles is given below [25].

Electrostatic

Hydrophobic
adsorption

( _._.---s Hydrophobic sites \

‘ Aromatic graphene sheets
Biochar pores

Carbonized fraction

H-bonding Non-carbonized
fraction

Mineral-rich su.rfaces)

Fig. 24 Mechanism of sorption of organic pollutants
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Degradation mechanism of methyl orange dye Fe” and Fe;C composite is given
in Fig. 25 [39].
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7 Conclusions

Agro-industrial wastes (raw and modified form) have been used as adsorbents for the
removal of different type of pollutants from water. It is reported that the modified form
or derived products having higher surface area and porosity are better adsorbents and
are being used frequently. In this chapter, different agricultural wastes and derived or
modified products have been discussed for decontamination of different pollutants
from water. Effect of different parameters on removal efficiency has been described.
Adsorption isotherm models and kinetic models have been discussed. Process of
desorption and reuse is also pointed out.
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Abstract Heavy metals are substances which present a grave danger for human
beings and ecosystems, having impacts on plants, consumer products, and humans.
In this topic, we will focus on the treatment of wastewater using the adsorption
technique, specifically reviewing; (1) the general properties of heavy metals; (2) the
current knowledge on the adsorption process; (3) how the chemical modification
of the surface of the mesoporous materials makes a great possibility to create new
structures, which have new functional groups, making the interaction with heavy
metals better in comparison to the basic structures, therefore obtaining new high
quality adsorbents.
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M41S Family of molecular sieves of mobil (ordered mesoporous silica
material)

SBA-n Santa barbara amorphous (ordered mesoporous silica material)

KiT Korea advanced institute of science and technology (ordered
mesoporous silica material)

HMS-n Hexagonal mesoporous silica

TUD Ordered mesoporous silica material

FSM-n Folder sheet mesoporous (ordered mesoporous silica material)

FDU-n Fudan university (ordered mesoporous silica material)

MSU-n Silica, mesostructured (ordered mesoporous silica material)

1-D, 2-D, 3-D  One-, two-, and three- dimensional

1 Introduction

As different industries had developed various new technologies came to existence,
yet industrial discharges were still not treated in a suitable way. Thus attributing to
various human activities and affecting; surface water, fresh water, and groundwater
[8, 22]. Water pollution can affect plants, animals and aquatic areas. In general, water
pollution has adverse effects not only on humans but also on the biospheres [42]. The
problem of water pollution intensifying was due on one hand to the increase in the
number of population and on the other hand to the increase of industrial activities.

The main source of heavy metal existence in water surfaces is the industrial
activities such as: mining and manufacturing of electronic devices, the heavy metals
generated by these activities are numerous, such as; copper, cobalt, zinc, nickel, lead
and chromium in water. This toxicity is attributed mainly to the non-biodegradability
of heavy metals and the tendency of heavy metals to accumulate in living organisms
and many heavy metal ions are found to be carcinogenic elements [39, 51].

Industrial effluents and discharges containing traces of metal must be treated
before being released into nature. Different approaches are applied to eliminated
heavy metals from contaminated water, including ion exchange, coagulation and
flocculation, membrane techniques, precipitation, advanced oxidation processes,
electrochemical treatments and adsorption [1, 59].

The Adsorption technique is considered to be the most suitable approach to
eliminate heavy metals or also called trace metal elements. Indeed, the adsorption
phenomenon was given a facile design and treatment, and normally offers an effluent
having acceptable degree of treatment. The Adsorption process is defined by the accu-
mulate of gas or liquid solute on the surface of a solid or a liquid, forming a molecular
or atomic film. However, adsorption is the phenomenon of atoms or molecules of
gas or liquid adhesion to a surface and this operation creates a film of the adsorbate
with interaction between adsorbent and adsorbate on the surface of the adsorbent.

Seeing as there is a considerable development regarding different activities’
number of units, the quantity of industrial discharges and effluents discharged into
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natural environments continues to increase. Among these discharged pollutants,
heavy metals or trace metal elements have gained the attention of researchers and
scholars to develop new technologies [65].

Many adsorbents have been studied in the elimination of heavy metals from
contaminated water [9, 52, 53], but the need to create novel and high efficiency
adsorbents is growing exponentially. Mesoporous hybrid materials are promising
adsorbents for elimination of heavy metals from wastewaters.

The adsorption technique employed for the removal of heavy metals using an
adsorbent based on mesoporous silica is a very promising solution and this is due
to the properties of these materials. Mesoporous silica can easily be chemically
modified and reused [41]. Due to these properties, great importance is given to
studies concerning the elimination of heavy metals by the adsorption technique using
mesoporous silica as an adsorbent [43].

2 Contamination of Wastewater by Heavy Metals

Heavy metals, otherwise known as metallic trace elements, are metallic elements
known by toxicity and non-biodegradability especially in aquatic environments [58].
The existence of heavy metals in wastewater is mainly due on the one hand to the
production of this kind of effluent by a large number of industrial units, among these
units we can mention; leather tanning, chemical manufacturing and semiconductor.

Urban activities :
Water pollution Domestic waste

(Hg) (Pb)(Cd)
(Cu) (Ni)(Z

Industries :
Chemical, metallurgical

Agricultural activities:
Use of fertilizers,
minerals salts enrichment

Fig. 1 Few sources of contamination of water by heavy metals
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E:::}e/ rlne;l:;)su[c 11 tl},/ er] some Heavy metals Toxicity
Arsenic Night blindness, heart sickness
Cadmium Acute bronchopneumopathy
Chromium Poisoning, cancer
Copper Neurological disorders
Zinc Neurological disorders
Lead Poisoning, chronic renal failure
Mercury Acute encephalopathy, Azotemic nephritis

On the other hand, they exist due to the discharge of effluents laden with heavy
metals without adequate treatment in aquatic environments [63]. Figure 1 represents
main sources of heavy metals entering the aquatic media.

Among the properties of heavy metals, is that they can accumulate inside the
tissues of plants, animals and humans through inhalation and manual handling. This
can interfere with the functioning of vital cells, causing critical situations especially
for humans [25, 66]. Extensive exposure to heavy metals can cause illnesses such as:
neurodegenerative sickness and cancer [10, 67]. The table 1 below shows toxicity of
some heavy metals [11, 44].

Metallic substances have a high level of toxicity, which has attracted researchers’
intention to develop new techniques that will be used in the elimination of heavy
metals from wastewater in order to protect our planet.

3 General Information on Adsorption

The process of adsorption is based on solids to remove substances from gaseous
or liquid solutions. This method involves the transfer of a substance from the first
phase and demands focus on the second phase. In general, the adsorbing phase is the
adsorbent, and the material adsorbed at the surface of that phase is the adsorbate.
Adsorption phenomenon should not be confused with absorption, a process in which
a fluid or substance of a solid solution is absorbed into the volume of another liquid
or solid phase.

Analyzing the nature of the forces influencing the adsorption process, we can say
there are two types of forces: physical adsorption or physisorption; chemical adsorp-
tion or chemisorption. Unlike adsorption, there is another term called desorption that
means pollutants attached to the surface of the adsorbent are detached and comes
back to solution.

The adsorption process can be carried out either in discontinuous/batch mode or
continuous mode. The discontinuous mode is generally used on a small scale such
as laboratories. However, the continuous mode is favored, and therefore used on
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a large scale such as industries [33]. Adsorption kinetics is directly influenced by
temperature, pH, initial concentration, adsorbent size, the ionic strength [54].

Adsorption kinetics, expressed in terms of solute retention rates as a function of
contact time, and is one of the most important characteristics defining the efficiency
of adsorption [12, 39, 59]. The kinetic study of adsorption processes provides infor-
mation on the mechanism of adsorption and the mode of transfer of solutes from the
liquid phase to the solid phase.

3.1 Pseudo-First-Order Model

Lagergren [47] indicated that the adsorption behavior of a substance towards an adsor-
bent is based on adsorption capacity of adsorbent. The pseudo-first-order equation
is mentioned by the following equation (Eq. 1):

do
o ki1(Q. — Q1) (D

k1 signifies the pseudo-first-order constant; Qe signifies the adsorption capacity of
the adsorbent (mg/g) and Ot signifies the quantity of the adsorbate at time ¢ (mg/g).
The linear equation is indicated by Eq. 2:

In(Q. — @) =InQ, — ki*/5 3030 2

3.2 Pseudo-Second-Order Model

The pseudo-second-order model is influenced by the number of active surface sites
[38]. The pseudo-second-order model depends on the quantity of the adsorbent’s
surface. The second order equation is represented by Egs. 3 and 4:

dQ,

- =k(Q. - 0)* 3)
LA P @)
0 Q. k02

k, signifies the pseudo second order constant.
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3.3 Adsorption Isotherms

Not every adsorbent/adsorbate system behaves the same behavior. Adsorption
phenomena are often approached by the isothermal behavior adsorbant/adsorbate.
Isothermal curves describe the relationship at the adsorption equilibrium between
the amount adsorbed and the solute concentration in a given solvent at a constant
temperature.

The adsorption isotherm illustrates how a solute is distributed between the two
phases, solid and liquid, when equilibrium is reached. Many theorems are used in
order to explain the adsorption phenomena of a solute in a liquid or gas phase on
a solid. Adsorption isotherms depend on temperature and concentration influence
[26]. Among the various models developed in this context, we can report:

3.3.1 Langmuir Isotherm Model

The Langmuir model [48] indicates that the formation of a linear monolayer occurs
when equilibrium is reached between the different solutes. All of the reactive sites
on the surface have identical energy. The interaction forces reduce as the distance
from the adsorption surface augment. The Langmuir equations are given by Eqs. 5
and 6:

Qe=0n K- (C/(0+K-Co)) ®)
&—L.C +# (6)
Qe_Qm ‘ me

Q. signifies the equilibrium capacity (mg/g), Q,, signifies the adsorption capacity
of the adsorbent (mg/g), K signifies the Langmuir adsorption constant (L/mg) and
C, signifies the equilibrium concentration of the solute (mg/L).

3.3.2 Freundlich Isotherm Model

The Freundlich model [29] describes the relation between adsorbent amount and the
solute concentration when equilibrium is reached. This model indicates non ideal and
reversible adsorption. These are multilayers, with a non-uniform solute distribution
sites for adsorption. The Freundlich equation is represented by Eqgs. 7 and 8

Q =Ky -Ceexp(l/n) (N

Q. signifies the equilibrium capacity (mg/g), K r signifies the Freundlich constant,
C, signifies the equilibrium concentration (mg/L), and 1/n signifies the heterogeneity
factor indicating the adsorption intensity.
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3.3.3 Thermodynamic Adsorption Parameters

The transformation of a system is accompanied by a change in Gibbs energy AG.
This variation depends on the initial and the final state. For a reaction of molecules to
occur on a surface, the Gibbs energy is divided into two terms, an enthalpy AH which
indicates the interaction energy between the solutes and the adsorbent surface, and
an entropic term AS which indicates the modification and arrangement of solutes in
the liquid phase. The viability of a reaction is defined by AG, which result due to
the change in the enthalpy and the entropy [39]. A thermodynamic system always
evolves spontaneously towards a lower energy level.

For areaction to be possible in isolation, AG must negative. The Gibbs free energy
(AG°), the change in entropy (AS°), and the change in enthalpy (AH®) are calculated
[2, 68] using Eq. 9.

AG = AH —TAS 9)

4 Mesoporous Silica Materials

In the 90s, the mobil composition of matter, ordered mesoporous silica material,
MCM-41 and the M41S family of mesoporous materials were discovered, the use of
a mix of proprieties of surfactant with silicates, extended a new axis to exceed the
pore size limit of zeolites.

Mesoporous silica materials have an inorganic nature, which are created by the
reaction of sodium silicate with an ordered surfactant employed as a template. The
synthesis of these mesoporous silica is influenced by some conditions, such as silicon
nature, the morphology and nature of the surfactant, pH of the medium, tempera-
ture and time. These operating conditions directly affect the morphology and the
composition of these mesoporous materials [18].

Mesoporous materials meet these parameters since they have a sizeable specific
surface, narrow pore size distribution, stable arrangement and morphology, mechan-
ical and chemical stability and plenty of Si—~OH energetic linkages [3, 30, 31].
Porosity, which is the fraction of pore volume, is the major characteristic required
for a solid to be used in catalysis, storage and separation, as the porosity gives rise
to a high surface area of the material [32].

Mesoporous materials are categorized into three different types according to pore
diameters of mesoporous materials. If the pore width is less than 2 nm the pores are
called micro pores, if they are between 2 and 50 nm they are called mesopores, and
if they are over 50 nm they are called macro pores. When different sized pores are
mixed, we call the system a multi-scale porous network or Nano porous network.

The development of these porous materials inspired vast research on surfactant-
directed assembly, employing surfactant to direct and assembly building blocks into
mesoscopically ordered morphologies. Mostly, non-covalent interactions between
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the surfactant and the building blocks allow the building blocks to create supramolec-
ular surfactant compositions first [40].

There have been increasing demands for new structures of porous materials after
revealing that M41S materials have bad thermal properties. A novel material called
santa barbara amorphous (SBA-15), was first obtained by the research group led by
Stucky [72]. SBA-15 has attracted a considerable attention in the last ten years’ due
to excellent properties of material, such as: thermal stability, variable pore sizes,
morphology and nature. The pore topology based of a two dimensional porous
network of uniform dimensions composed by microporous walls.

Among all these solids, the best known is MCM-41 mesoporous silica which
exhibits a hexagonal arrangement of regular pores [13]. Since this discovery, several
other silicic materials santa barbara amorphous (SBA), korea advanced institute of
science and technology (KIT), hexagonal mesoporous silica (HMS), were prepared
according to the same mechanism by playing on the synthesis conditions and the
compositions such as the type of silica precursor and the structuring agent.

MCM-41 is an ordered hexagonal mesoporous silicate. MCM-41 presents an
important specific surface, high pore volume and uniform distribution of pore size.
All these performances allow the use of MCM-41 in many applications such as
elimination of heavy metal ions [4].

4.1 Synthesis Mechanisms

The preparation of mesoporous silica means the replication of a surfactant liquid
crystal structure and the polymerization of a metal oxide precursor. Elimination of
the surfactant through calcination leads to a porous structure supported by a hard silica
framework [5]. Various researches have studied the formational process of surfactant
template mesoporous silica. Researchers in mobil corporation proposed two models,
namely: (i) the liquid crystal mechanism and (ii) the co-operative mechanism [14].

The synthesis of pure mesoporous materials strongly depends on the formation
parameters such as temperature, time of reaction, pH, solvents, surfactant nature,
hydrothermal treatment and calcination procedures [34]. Changing the synthesis pH
leads to a change in the percentage of ionization of a surfactant, as exemplified
by the phase transformation from higher curvature structures tetragonal or cubic to
cylindrical hexagonal or cubic and to a lower curvature structure, lamellar [35].

Various synthesis mechanisms have been studied. This has obtained in series
of mesoporous materials such as the M41S [14], folder sheet mesoporous (FSM-
n) [40], hexagonal mesoporous silica (HMS-n) [62], SBA-n [60], fudan university,
ordered mesoporous silica material (FDU-n) [69] and silica, mesostructured ordered
mesoporous silica material (MSU-n) [15].



Mesoporous Materials for Adsorption of Heavy Metals from Wastewater 177
4.1.1 Structural Variations

A mesoporous silica material is defined as a material with a pore width between 2 and
50 nm, but a crystallographic definition of a mesoporous silica material is based on
the arrangement of pores, ordered or disordered, in an amorphous framework. This
arrangement of pores is complex, ranging from short interconnected one dimensional
1D pores, through 2D cylindrical pores to 3D interconnected pores [6]. Ordered
porous materials possess narrow pore size distribution and have advantages in aspects
such as tunable porosity, high surface areas, and broad range of molecular size for
adsorption and for active compound release properties.

The characteristics of disordered porous materials, on the other hand, are governed
by the randomness, connectivity and tortuosity of the pore space. Ordered meso-
porous materials can be arranged according to structural dimensions and pore
geometry of mesoporous materials.

4.2 Grafting Methods

Mesoporous materials have a structure with functional groups on the surface which
facilitates the chemical modification of mesoporous materials. The functionalization
of these materials’ surface is accomplished by two ways; post-synthesis and co-
condensation. Functionalization or chemical modification of mesoporous materials
provides new structures and opportunity.

4.2.1 Post-Synthesis Method

Post-synthesis method consists of the modification of the surface of the mesoporous
silica by grafting a functional group after the elimination of the surfactant [61].
Silanol groups existing on the surface and generally having a high concentration,
thus being able to influence the process of functionalization of mesoporous materials.
The process is based on the interaction of free groups and geminal silanol groups.
However, silanol groups are much less reactive in the functionalization because they
form hydrophilic networks between them [73].

4.2.2 Co-Condensation Methods

The functionalization from the co-condensation method is generally carried out by
the sol-gel method using tetraalkoxysilanes and organoalkoxysilanes rich with Si—C
bonds which allow the synthesis of hybrid inorganic—organic mesoporous materials
[61].

The functionalization of mesoporous materials using the post-synthesis method
involves grafting random functional groups onto the surface of the materials.
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However, the co-condensation method ensures a homogeneous distribution of func-
tional groups on the entire inner pore surfaces but no pore-blockage has been
announced [70].

5 Applications of Ordered Mesoporous Materials

One fundamental property of a mesoporous silica material is the ability to provide
space for functional organic groups on the silica wall. Mesoporous structures possess
a high density of silanol groups after the elimination of a surfactant by calcination.

The reaction of the silanol groups with organoalkoxysilanes using the post-
synthetic method leads to a random distribution (heterogeneous) of functional groups
on the silica framework. However, by the simultaneous condensation of silica and
organosilicas precursors in a single step using the co-condensation procedure a
homogeneous distribution of functional groups on the silica wall may be achieved
[71].

These processes provide several potentialities for choose these materials as drug
carriers, adsorbents and catalytic supports [31, 32, 45]. If mesoporous materials are
to be used as drug carriers, adsorptive properties such as pore width, surface area
and pore volume are also the essential parameters to consider [64].

Adsorption and separation of gasses are another area attracting lot of attention.
Surface functionalization of mesoporous materials with several types of functional
groups for these applications has been recently reported.

The studies indicate that the co-condensation method leads to better results in
terms of adsorption of gases or metal ions than post synthesis functionalization [64].
In addition to the quantity of surface functional groups, structural variations such as
2D cylindrical pores or 3D cage-type pores are also important. The 3D cage-type
structures offer more advantageous characteristics than cylindrical pore structures
such as the presence of cages and cage-connecting windows.

5.1 Applications of Functionalized Mesoporous Silicates
in Removal of Heavy Metals

The affinity and selectivity towards targeted heavy metals in mesoporous materials
can easy be improved by the grafting of adequate functional groups on the surface,
which produces new adsorption sites [55]. A study performed by Lin and coworkers
[49], shows that the surface of mesoporous materials was easily grafted with thiol
groups and the adsorption capacity for the elimination of heavy metal was discussed.

Liu et al. [50] studied the synthesis of mesoporous grafted by amine and thiol
groups. Authors was found that mesoporous which functionalized by amine groups
had high levels of copper elimination [57] also indicated the high level of adsorption
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capacity of some heavy metals on silica Nano hollow spheres and silica gel after
amine functionalization.

For example, the M41S family is formed of MCM-41, MCM-48, and MCM-50.
However, MCM-41 is the category which has attracted researchers’ attention the
most and this is due to the properties such as; high pore volume, high surface area
and mechanical and thermal stability [19, 20]. Also, MCM-41 is easily chemically
modified by grafting functional groups on the surface which promotes the interaction
between different metal pollutants and this mesoporous material for great elimination
of ions from aqueous medium.

Following, some works from the last ten years concerning functionalized meso-
porous materials which have been used as adsorbents for the removal of heavy metals
from waste or contaminated water will be cited:

Costaetal. [21] were interested in the MCM-41 functionalized with aminobenzoic
acid (PABA), otherwise known as PABA-MCM-41. Was employed for the elimina-
tion of the chrome in leather solution. PABA-MCM-41 was an electrostatic attraction
between the positively charged chrome ions and the carboxylates groups of nega-
tively charged PABA-MCM-41. The results showed that a removal percentage of
99% was found for the elimination of chrome ions from leather solution by the
adsorbent synthesized.

The Fe;0, @MCM-41 nanocomposite was studied by Golshekan et al. [36]. The
nanocomposite was charged with sulfonate groups by the obtaining of sulfonic
functionalized organic—inorganic MCM-41 mesoporous material on the surface of
nanocomposites. The introduction of zirconium oxide nanoparticles into the network
of Fe304 @ MCM-41-SOsH mesoporous silica nanoparticles elaborated by the cova-
lently bound with implanted of charged sulfonate groups. The nanocomposite studied
was employed for the preconcentration of lead from various samples of water.

Darzipour et al. [23] were interested in the SBA-15 functionalized with an
antibacterial dynamic membranes immersed by cephalexin/amine. The mesoporous
materials synthesized contributed to the elimination of heavy metal from aqueous
medium. The mesoporous cephalexin/amine-SBA-15 nanocomposites was formed
as a uniform and hydrophilic layer on the polyvinylidenefluoride ultrafiltration poly-
meric membrane. The synthesized material is efficient for the elimination of lead
ions from samples of water.

Abedi et al. [7] reported the synthesis of monodispersed porous silica micro-
spheres through the post grafting method and grafting of amine groups using
triethylenetetramine. The new adsorbent synthesized is intended for cadmium ions
removal from aqueous solution. During this study, the results showed that the grafting
of amine groups decreased the pore volume, without affecting the pore diameter.

These results appear that the pore channel can be occupied by the amine functional
groups. The deprotonating of the adsorption sites is promoted by grafting of the amine
groups, consequently the pH of the medium increases. However, a high electrostatic
attraction is created between the negatively charged adsorption sites and the positively
charged metal ions which the adsorption process has promoted.

The co-polycondensation of alkoxysilanes using a sol-gel method was studied by
[56] to obtain a nanocomposites functionalized with amino and mercapto functional
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groups. The magnetic nature of the nanocomposites ensures easy removal of materials
from samples water. Using the post synthesis method, the porous structure was func-
tionalized with 3-aminopropyltriethoxysilane and 3-mercaptopropyltriethoxysilane
with different report. The various nanocomposites obtained have a specific surface
area of 400 up to 800 (m?/g). The synthesized composites mesoporous have a high
sorption capacity to silver, copper, and lead ions.

The magnetic mesoporous silica nano-sorbent (MSN) was chemically modified
with diethylenetriamine (DETA) to obtain a magnetic mesoporous material called
(MSN-DETA). In fact, this study was carried out by [74]. Si-OH groups have a
weakly acidic character which leads to a decrease in the interactions between these
groups and the metal ions which are found in the aqueous solution, in order to
improve this affinity Zhou and its collaborators have chosen the functionalization of
the magnetic mesoporous silica with the amino groups of diethylenetriamine.

This synthesized material has given promising results in relation to the elimination
of the heavy metals studied. The specific surface of the material synthesized was of
the order of 153.68 mg/g and especially very high sorption capacity for uranium
ions.

Sliesarenko et al. (2018) studied the use of sol-gel method to synthesize meso-
porous silica modified with different concentrations of phosphonic acid groups on
the surface to eliminate lead, cadmium, and dysprosium cations from aqueous solu-
tions. The study showed that the addition of diethyl phosphatoethyltriethoxysilane
influenced the pore size distribution, when the amount of diethyl phosphatoethyltri-
ethoxysilane increases the pore size distribution also increases.

The phenomenon of adsorption was based on the formation of interaction bonds
between the phosphonic acid groups grafted on mesoporous silica and metallic
cations. The grafting of the phosphonic acid groups on the mesoporous solid has
an effect on the character of the bonds formed.

El-Nahhal et al. [27] modified mesoporous SBA-15 silica materials with
three compounds namely iminodiacetic acid, ethylenediaminetetraacetic acid and
diethylenetriaminepen taacetic acid to get various grafted mesoporous. This involves
grafting functional groups onto the SBA-15 in order to interpret the influence of the
increase in amine groups in the grafting agents, such as a monoamine, a diamine and
a triamine. The chemical modification of the adsorbent has proven to be very inter-
esting by grafting several amine groups onto the surface especially for the elimination
of the various metal ions studied from contaminated water.

An MCM-41 mesoporous material has been chemically modified using piperazine
and the spinel cobalt ferrites by Kenani et al. [46]. The mesoporous material has been
coated by the molecules of cobalt ferrites and grafted by the piperazine to increase the
adsorption power of the functionalized material. Among the results found through this
study, the adsorption capacities were 0.50, 0.30 and 0.25 g/ L for lead, cadmium and
copper, respectively. The magnetic power of the synthesized adsorbent can translate
in the simple separation of the solid from the solution using a simple magnetic bar
without the need for filtration or centrifugation, which saves time, expenses and
effort.
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Dindar et al. [24] were interested in the chemical modification of SBA-15
with the n-propylsalicylaldimine, the chemical modification was done using two
grafting agents such as: aminopropyl to give SBA-aminopropyl, and ethylenedi-
aminopropyl to give SBA-ethylenediaminopropyl. The adsorption process depends
on the sensitivity of the medium to the pH value. The adsorption capacity of
SBA-ethylenediaminopropyl has been valued for the elimination of metal ions.

The results have shown that the adsorption capacity increases up to a pH level
of 3, while the adsorption capacity decreases. The adsorption of various cations on
SBA-aminopropyl and SBA-ethylenediaminopropyl was also pH dependent. The
phenomenon of interactions between adsorbent-adsrbat can be considered as an ion
exchange. Through this study the best result was found by the SBA-aminopropyl for
the elimination of lead ions from water.

Ezzeddine et al. [28], were interested in the functionalization of three mesoporous
materials KIT-6, SBA-15 and SBA-16. The chemical modification was made with
aminopropyltrimethoxy-silane and ethylenediaminetetraacetic acid using the post
grafting methods. The synthetized materials were applied for the elimination of
copper, nickel, cadmium and lead ions from samples of water. For KIT-6 and SBA-
15, equilibrium was reached at about the first 20 min and the amount of copper ions
removed was much higher than for SBA-16.

The ordered mesoporous silica KIT-6 was functionalized with carboxylic acid
groups via the co-condensation method. The study was carried out by Bensacia et al.
[16] and the synthesized adsorbent has been valorized for the elimination of lead
cations from contaminated water. Through this study the grafting of the carboxylic
groups was very promising.

In fact, the hydroxyl groups ionized in the solution forming showed negatively
charged sites, this reinforces the negative charge on the surface by reacting with free
and geminal silanol groups at the surface, which promotes interactions between the
negative sites on the surface of the adsorbent and the positive charges of the lead
cations. The functionalization of the kit-6 with carboxylic groups allowed an efficient
adsorbent for lead ions.

In the same context, another study was carried out by Bensacia et al. [17], this was
about a chemical modification for the mesoporous material called TUD-1, and this
mesoporous material was grafted by the carboxylic groups using the post- grafting
method. This functionalized mesoporous material was applied to remove cadmium
cations from contaminated water.

Authors noted that there are three silanol groups on the surface of the mesoporous
material. They are free, hydrogen-bonded hydroxyl and geminal groups. However,
free and geminal groups are the only reactive groups. The number of these reactive
silanol depended on the way the surfactant was eliminated and the operation condition
was used. The carboxylic groups were obtained using hydrolysis of the nitrile groups
using sulfuric acid.

A treatment of the pores of the mesoporous materials by some operations such as
calcination, extraction and treatment with alcohol before the grafting reaction allows
for the preservation of the free and geminal groups which plays a primary role in the
adsorption process.
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A study was carried out by [37] on the chemical modification of the mesoporous
material SBA-15 by the grafting of amine groups, this mesoporous material grafted
was applied for the removal of zinc, copper and cobalt ions from water. The SBA-15
was functionalized with 3-aminopropyl-triethoxysilane and trimethylpentyl phos-
phinic acid. Hydroxyl groups were reacted with the ethoxy groups of aminopropyl
triethoxysilane and trimethylpentyl phosphinic acid.

Monitoring of the grafting reaction to the surface was carried out by the
elemental and thermogravimetric analysis. The amino modified SBA-15 appeared
high percentage of elimination for zinc ions compared to the other ions tested.

6 Conclusion

The development of the synthesis of mesoporous materials proved a very promising
technology especially those environmentally friendly. Several studies have revealed
the synthesis of new materials which are non-toxic, cost-effective and environmen-
tally friendly to water pollution control. Mesoporous materials are blessed with a
various physicochemical properties making them effective for the elimination of
heavy metals.

Numerous studies on mesoporous materials as adsorbents reported that there can
be promising solutions for heavy metal elimination from contaminated water. Since
the mesoporous materials possess a large specific surface area, highly ordered pore
arrangement and good mechanical and thermal stabilities. Also, the free surface
silanol allow chemical modifications, which further increase the adsorbing power of
these materials.

Mesoporous materials can be used as adsorbent for elimination toxic pollutants
from wastewater with high efficiency able of being economically regenerated while
maintaining a high adsorption capacity. The future of these materials in elimination
of metal pollutants in wastewater is highly promising and has several opportunities.
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Role of Water/Wastewater/Industrial )
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Removal
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Abstract Sewage sludges are obtained as a by-product from the process of the
wastewater treatment plants. Production is anticipated to increase as asset in envi-
ronmental organization rises and further municipal wastewater is treated to even
advanced standards. The consistent development in the environmental impact of
water resources is expected to be answered by a noticeable upsurge in sludge volumes
formed. While there are numerous ways of placing sewage sludge, using it in water
decontamination can turn it into a resource. Sadly, a large proportion of the sludge
produced is not valorized but is excluded together with other residues in waste tips.
The necessities of investigating probable innovative routes are obvious for sewage
sludge valorization. Considering the account factors such as the existence of volatile
components and the detail that sewage sludge is carbonaceous in nature, the sludge
may be considered as potentially appropriate for the manufacture of activated carbon
which are very useful in mixture separation and liquid purification due to their high
adsorption capacity. Discarding of industrial wastewater poses a foremost environ-
mental problem since such effluents comprise various pollutants that are resistant
to conventional biological methods and thus difficult to remove. Re-use of that
sludge may not only progress the particulate pollutant removal efficiency of a primary
sewage treatment, but also ease the burden of water treatment works concerning to
sludge treatment and clearance. This chapter aims to throw an insight on production
rate, synthesis process, characterization and applications of sludge-based adsorbents
(activated carbons).

Keywords Sludge based activated carbons (SBAC) - Sludge based adsorbents
(SBA) - Brunauer Emmett Teller (BET) surface area - Wastewater treatment
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1 Introduction

The rising demands from environmental agencies and society towards better environ-
mental quality standards have manifested themselves in private and public service
administrators. As low indices of wastewater treatment exist in many developing
countries, a future rise in the number of wastewater treatment plants is expected
naturally. Therefore, the amount of sludge produced is also expected to rise. The
municipal sewage sludge generation has also presently multiplied in congruence
with rapid industrialization. Some green agencies in the developing countries now
require the procedural definition of the final sludge disposal in the licensing processes.
Hence, solid waste management is a burning matter of concern in many countries,
tending towards a fast growing aggravation in the future years, as more wastewater
treatment plants are implemented.

Wastewater treatment is the process of removing chemical, physical, biological
contaminants and other pollutants and produce environmentally safe treated wastew-
ater. The treated water can be further released back into nature. Sludge is a by-product
of water, industrial and wastewater treatment operations. It is usually a semi-solid
waste or slurry that has to undergo further treatment before being suitable for land
application or disposal.

Sewage sludge is obtained from sewage treatment plants and consists of two
basic forms, primary and secondary sludge. Biological treatment operations produce
sludge which is also known as wastewater biosolids. The watery portion of the sludge
is removed from liquid wastewaters containing less solid matter. The primary sludge
includes precipitated solids that are generated during the initial treatment in the
primary clarifiers. The secondary sludge parted in the secondary cleaners includes
the sewage sludge purified from the secondary treatment bioreactors.

Sewage is generated by institutional, residential, industrial and commercial estab-
lishments. Above 99% of the sewage constitutes water that is a mixture of industrial
and domestic wastes [1]. The difference between sludge and sewage is that sludge
is a standard term for solids deducted from suspension in a liquid, while sewage
is a suspension of solid waste and water, transported by sewers to be processed
or disposed of. Conventional drinking water treatment and several other industrial
processes produce sludge as a settled suspension.

Wastewater sludge includes a variety of inorganic and organic compounds. As
per the recent researchers the use of sludge as an organic fertilizer in agricultural
applications could ideally be a very attractive option [63]. For example, a large
portion of insoluble aluminum hydroxides are contained by the aluminium-laden
sludge which can be utilized as a coagulant in the primary sewage treatment [2].
However, there are some important drawbacks, which are mainly related to aspects
such as appropriate soil availability, sludge quality and difficulties encountered in its
monitoring and management.
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2 Sludge and Its Production Rate in Wastewater Treatment
Plants

The term ‘sludge’ refers to the solid by-products from wastewater/industrial/water
treatment. Even though the sludge constitutes hardly 1-2% of the treated water
volume, managing it is highly complex because it is frequently undertaken outside
the boundaries of the treatment plant and usually costs 20-60% of the total operating
costs of the wastewater treatment plant [3]. If the management of sludge generating
from wastewater, industrial and water treatment plants is inadequately accomplished
it may jeopardize the sanitary and environmental aspects in the treatment systems
[4]. It is predicted that an average generation of around 50 g dry matter per inhabitant
per day is archetypal for urban sewage plants and a corresponding rise in the quantity
produced by industrial sewage plants. With high generation rate, together current and
future estimated, the suitable management of sludges which are produced at sewage
plants has become a need of the hour [5]. In the operational cost of wastewater
treatment plants, the cost of waste sludge disposal is a major factor. Single handedly
sludge dewatering constitutes around 40% of the annual operating costs. Although
there are numerous ways of sewage sludge disposal, but rational practice of this
left-over material can convert it into a resource.

2.1 Stages of Sewage Treatment

The Sewage treatment is mostly categorized into three phases: preliminary, primary
and secondary treatment. Additionally, we can include two more stages of treatment
for higher degree of separation depending on our needs [1].

2.1.1 Pretreatment or Preliminary Treatment

In preliminary treatment, girt and crude solids (diameter > 20 mm) are separated
through screening. The obtained crude materials are not involved in biosolids. A
sand or grit channel may be included in a pretreatment in which the velocity of the
incoming sewage is adjusted such that it allows stones, sand, broken glass and girt
to settle down. These crude solids are separated for the reason that their potential
risk of damaging pumps and other equipment’s. The feed in sewage water permits
through a bar screen to subtract bulky objects like rags, cans, plastic packets and
sticks carried in the sewage stream. These are collected and further incinerated in
a landfill. Mesh screens or bar screens of variable sizes can be used for optimizing
solid exclusion.
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2.1.2 Primary Treatment

Suspended solids, grit and scum can be separated in the primary treatment by
using following process of pre-aeration and sedimentation. The floating and settled
substances are separated while the residual part may be released or exposed to
secondary treatment. Oil and grease from the detached material can occasionally be
separated for biodiesel production or saponification. With the help of air pumped via
perforated tubes adjacent to the floor of the tanks, the wastewater is aerated making it
less dense and causing the coarse solids settle out. As because the air jets are placed
in such a way that the water is swirling while moving down the tanks, the suspended
particles are inhibited from settling out. Dissolved oxygen is also provided by the air
for the bacteria to use afterwards in the process. But for bacterial action to occur in
the process, the wastewater in these tanks is not sufficient. The scrapers eliminate the
solids from the tank bottom and the water jets washes off the scum. The solids and
scum are brought to a common collection point wherein they are merged forming
sludge and further forwarded to secondary treatment. In the primary sedimentation
stage, sewage gushes through large tanks usually known as primary sedimentation
tanks, pre-settling basins or primary clarifiers. Although the sludge settles down in
the tanks, but the grease and oils mount to the surface and are skimmed off further.
The primary wastewater treatment engages gravity sedimentation of the screened
wastewater to separate the distorted solids. A fraction of the suspended waste stream
passes through primary operation and discharges concentrated suspension as residue.
This residue is also known as primary sludge and is further treated to yield biosolid.

2.1.3 Secondary Treatment

The secondary wastewater treatment is achieved through a biological process in
which the biodegradable materials are removed. Microorganisms are used in this
process to use up suspended and dissolved matter thereby producing carbondioxide
and other byproducts. The density increases when the microorganisms are added. The
cleaned water is then separated resulting to a formation of a concentrated suspension
called secondary sludge. This whole process takes place at the bottom part of the water
tank. It is necessary to separate the microorganisms from the water before releasing it
or sending it for tertiary treatment. In secondary treatment the organic content of the
sewage which is derived from various sources are considerably reduced. The nutrients
required to uphold the microorganism population is supplied through the organic
material and the ones within the sludge are converted to carboxylic acids and further
to carbondioxide by aerobic fermentation or methane by anaerobic fermentation. The
biogas thus obtained is an important source of fuel. The volume of the sludge leaving
the digesters reduces up to its half. Mostly the municipal plants treat the settled
sewage water through aerobic organic processes. The biota requires both food and
oxygen for living efficiently. Inclusion of secondary clarifiers in secondary treatment
processes helps in settling down the organic flocculated substances developed inside
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the bioreactor. Many designs of hybrid treatment plants are produced to treat tough
wastes, consume less space and for intermittent flows also.

2.1.4 Tertiary Treatment

Further processing is necessary in case of high quality waste requirement such as
discharging them directly to the drinking water source. The tertiary treatment usually
yields a solid residue which primarily includes the chemicals added to the raw waste
before evacuating and thus it is not regarded as a biosolid. If the whole treatment
process is minutely managed throughout then plant operators can control nutrients,
solid ingredients and various other components of biosolids. For municipal biosolid
production, majority of the material used is through operating primary and secondary
effectors simultaneously. The prime reason of tertiary treatment is to improve the
effluent quality before discharging it to the environment. There may be requirement
of more than one tertiary treatment processes. No matter what, disinfection is always
considered the last process and is usually known as effluent polishing.

2.1.5 Fourth Treatment Stag

Particles of chemicals used in small industries, households, pharmaceuticals or pesti-
cides are considered as micro-pollutants and they may not be able to be separated
through the usual treatment process like primary, secondary and tertiary treatment.
Also if they are not separated it may lead to water pollution. Therefore, a separate
treatment named fourth treatment stage is introduced in the sewage treatment process
to remove the micro-pollutants. These techniques are not yet functional on a regular
basis as they are still very expensive.

2.2 Volume Reduction Processes

The quantity of wastewater treatment plant sludge produced can be expressed in terms
of volume (wet basis) or mass (dry basis). The sludge production can be expressed
in an easy way in terms of per capita and chemical oxygen demand (COD) bases
for mass and volume calculations. The organic sludge is generally made up from the
biomass which is formed from the conversion of some of the COD in the biological
wastewater treatment. This sludge is actually produced from secondary sludge and
thus has suspended solid composition is less than 1% (wt.). However, primary sludges
are high concentrated and the combination of both primary and secondary sludge of
solid concentrations contains around 3% by weight. As the sludges are naturally in
voluminous, treatment processes are named as dewatering, thickening, conditioning
and drying. Water removal helps in improving the efficiency of the further treatment
processes, reducing the storage and decreasing transportation costs.



192 S. Shome et al.
2.2.1 Thickening

A concentrated product is produced in the sludge thickening process and that
product basically retains the liquid properties. The most common thickening process
usually applied to municipal sludges is concentration by simple sedimentation or
gravity thickening. The sludge product obtained from gravity thickening. Practice of
centrifuges, gravity drainage belts, perforated rotating drums and floatation method
are alternative to gravity thickening. The product from gravity sludge thickening
frequently comprises around 5-6% solid by weight. Floatation is a process wherein
a gas is included in sludge solids which results in making them to float.

2.2.2 Dewatering

In the sludge dewatering process, the product ensures solid properties even though the
water content retained in it is still not negligible. The thickened sludge is transported
through tank truck but in case of dewatered sludge a dump truck is used. Sand drying
beds and at times lagoons are used for dewatering process but removal of moister
in thickening step is enabled through gravity drainage and sedimentation. Mostly,
dewatering mechanical sludge equipments namely, vacuum filters, belt filter press,
centrifuges and filter press are used in big municipal installations. Mechanical method
is more efficient than other processes because the solid content of the product sludge
by weight ranges from 20-45% which is quite higher.

2.2.3 Conditioning Sludge

Conditioning process does not reduce the moisture content directly, rather changes the
physical and chemical properties of the sludge which helps it in water discharging in
dewatering process. Without the prior conditioning of the sludge, mechanical dewa-
tering process will not be economical. In chemical conditioning, mostly synthetic
organic polymers or inorganic chemicals like ferric chloride and lime are added to
the sludge before dewatering. The mass of the solid sludge increases because of the
huge dosages of inorganic chemical conditioning. Physical conditioning on the other
hand includes freeze—thaw treatment and heat treatment.

2.2.4 Drying

Drying step is usually required if the need for further water removal arises even
after dewatering step. Thermal drying in association with indirect or direct driers are
generally used to attain almost entire water exclusion from sludges. Also, solar drying
can be an option in several locations. The heat generated in biochemical reactions
during composting and various other chemical reactions results in partial drying.
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2.3 Stabilization Processes

Sludge stabilization is practiced to reduce the problems aroused due to biodegradation
of organic substances and is generally performed through chemical and biological
treatment methods. The vector attraction reduction provision of the Part 503 Sludge
Rule [EPA, 1993a] is concerned in Stabilization processes. Vectors are nothing but
organisms that may get fascinated to sludges which are not stabilized and may lead
to spread of infectious diseases. While applying sewage sludge to the agricultural
lands if we inject it below the surface or into the soil then the vector attraction can
be minimized. The sludges can also be stabilized by drying it adequately to obstruct
microbial action. Combusting the sludge can also facilitate its stabilization. Various
stabilization processes can also inactivate pathogenic organisms and viruses.

2.3.1 Biological Stabilization

In this process, the biological sludges are cut down through biological degradation
processes in a exact and well-engineered manner. Methane is yielded as a byproduct
when the household wastewater sludge is stabilized biologically in the form of aliquid
inside anaerobic digesters. This liquid sludge also can be stabilized biologically in
an aerobic digester in presence of oxygen. Composting is an aerobic process which
facilitates in biological stabilization of the dewatered sludge. This process takes place
in thermophilic temperature of around 55 °C due to heat released during biochemical
transformations. Sawdust and Wood chips should be additional to progress friability
to encourage aeration. The heat from the same source can be used in case of operating
the aerobic digesters thermophilically.

2.3.2 Chemical Stabilization

In this process the sludges not only intend to reduce the biodegradable organic
matter quantity and also generating suitable conditions for the inhibition of micro-
bial activity in order to prevent odors. Out of all the chemical stabilization methods
available the most common one is raising the pH value of the sludge using cement
kiln dust and lime. Liquid or dewatered forms of sludge can be chemically stabi-
lized. During the chemical stabilization of dewatered sludge an exothermic reaction
between lime and water results in heating that facilitates in pathogen destruction and
water evaporation as well.



194 S. Shome et al.

3 Preparation of Adsorbents Derived from Sludge

Lately liquid-phase adsorption is popping up as a promising option to remove the non-
biodegradable pollutants from water streams. The most common adsorbent for the
liquid phase adsorption is activated carbons because of their versatility and effective-
ness. Small particle sized adsorbents are preferred in case of solution phase because
of their large surface area and results in small diffusion distance. The activated
carbon prepared by treating wastewater sludge is a black amorphous can be used
to treat pollutants. The wastewater sludges are blended, carbonized, activated and
acid or alkaline treated to form activated carbon. The safe eco-friendly sludge based
activated carbon has higher absorbability due to its dense pore characteristic with
more specific surface area and complex structure. It has wide variety of raw material
source, good thermal stability, even chemical properties and can also be recovered
and utilized repeatedly.

The activated carbons can be prepared from sludge through various methods
like physical activation, chemical activation, physical-chemical activation, direct
pyrolysis, microwave activation etc. All these methods are used to produce porous
carbonaceous adsorbents.

The alteration and synthesis pattern of sludge-based activated carbon is concisely
explained below. To obtain sludge based activated carbon, the activated sludge can
be dried and pulverized directly under inert gas. This is called direct pyrolysis and it
takes place in the following stages:

(i)  The drying is the first stage

(i)  The second stage is the pyrolytic wherein huge amounts of volatile compo-
nents are melted.

(iii)) The last stage is where the remaining material carries on pyrolysing gradually.

Through physical activation, the ground activated sludge can be directly pyrol-
ysed and dried under inert gas protection and further pyrolysed to finally obtain the
sludge based activated carbon under various other protective gases like water vapor,
carbondioxide and flue gas. The traditional Muffle furnace heating method is often
used in physical activation of the sludges.

In chemical activation method, the raw sludge components are either put together
with chemical reagents at a ratio or the sludge is dip dried in a solution of chemical
reagent as per a definite solid-liquid ratio and further the mixture is pyrolysed to get
our desired product.

Physical-chemical activation is the combination of both physical and chemical
activation wherein the sludge is mixed with chemical reagent in a certain ratio
and further they are pyrolysed under the protection inert gas to yield sludge based
activated carbon.
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In microwave activation the sludge is pyrolysed and carbonized into activated
carbon through microwave heating. Microwave activation has recently drawn consid-
eration since it is easy to control, energy consumption is low, high efficiency, cost
effective, less pollution and more feasibility. As the carbon content in these acti-
vated carbons are low therefore carbon source materials like wood chip, corn kernel,
peanut and hazelnut shells are added to increase the carbon source so that it can
exhibit abundant pore structure and high adsorption efficiency [3].

4 Sludge-Based Adsorbents Characterization

The efficiency of sludge based adsorbents in removing the contaminants is decided
by their surface and structure chemistry features. The Brunauer Emmett Teller (BET)
surface area is the most common analysis to assess the structure of an adsorbent. The
Barrette Joynere Halenda (BJH) method helps in calculating the pore size distribu-
tion, macropore and mesopore volumes. The t-plot method on the other hand helps in
calculating the micropore volume. In the following sections the effects of pyrolysis
condition on the structure of the sludge based adsorbents are discussed [4].

4.1 Carbonization

The Table 1 tabulates the pore structures and BET surface areas of sludge-
based adsorbents when they undergo only carbonization. The various influences in
carbonization that affects the chemical and physical features of sludge-based adsor-
bents are pyrolysis temperature, dwell time, feedstock type and heating rate. These
are discussed below

4.1.1 Pyrolysis Temperature

The temperature of pyrolysis plays an important role in altering the characteris-
tics of sewage sludge and industrial sludge adsorbents. As per our observations,
an increase in pyrolysis temperature rises the ash content of these adsorbents but
decreases its yield too [6, 7]. At high pyrolysis temperature, devolatilization of the
solid hydrocarbons and the integrant gasification of the carbonaceous residues in the
adsorbents take place [8]. Pyrolysis temperature also affects the surface acidity or
basicity, morphology and surface characteristics changes in sludge based adsorbents.
Usually, the adsorbents that are produced at high temperature of around 500 °C are
alkaline and those in low temperature are acidic in nature [6]. At high temperature
sodium oxide is released from the sludge which increases its alkalinity [9].
Generally, with increase in pyrolysis temperature the pore volume surface area
and the BET surface area also increases. But when the temperature is excessively
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Table 1 Pore structure characteristics of sludge based adsorbents produced by only carbonization

[4]

Type of CARBONIZATION POST BET Total Micropore

Sludge Dwell | Temperature | Heating TREATMENT | Surface | pore Volume
Time (°C) rate area Voh;me (cm3/ Q)
(hr) (°C/min) (m?/g) | (cm/g)

Wastewater 1.5 450 5 Hydrochloric | 15 0.02 -

treatment acid

plant

Wastewater 0.5 650 40 - 60 0.04 0.05

treatment

plant

Electroplating | 1 500 10 Water 19.6 -

sludge

Electroplating | 1 950 10 - 127 0.158 |0.054

sludge

Paper mill 2 650 3 - 275 0.017 |0.011

sludge

Sewage and | 0.5 650 10 - 108 0.043 |0.313

waste oil

sludge

Sludge and 1.5 450 5 Hydrochloric | 60 0.1 -

disposable acid

filter cake

high, destruction of porous structure takes place and its combination of mesopore
inhibits further development of porosity [10]. This increase in surface structure on
high pyrolysis temperature is resulted due to the increase in the degree of atomization
and the rearrangement in nitrogen chemistry [11]. The porosity is increased through
carbonization due to the mass loss during the thermal decomposition and evolution
of volatile matter [6]. Additionally, the creation of micropore is also boosted when
the high moisture content of wet sludge generates a steamy atmosphere at high
temperature resulting to partial gasification of the solid char [8]. On the other hand,
very high temperature can probably lead to a decrease in surface area because of
the porous structure destruction development of deformation, cracks or blockages of
micropores in those adsorbents [10]. The optimum carbonization temperatures for
increasing the BET surface areas to maximum are reported as 450, 500, 550, 650
and 950 °C.

4.1.2 Dwell Time

Dwell time is the period of time that an element or system remains in a given
state. According to the studies, higher pyrolysis temperature results in shorter dwell
time. The optimum dwell time estimated at 500 °C, 650 °C and 950 °C are 240,
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120 and 60 min respectively [9, 11-13]. Also it has been found that at 650 °C with
increase of dwell time the micropore volume of sludge based adsorbents remained
constant while the surface area and mesopore volume decreased [11]. Some exper-
iments have also deduced that at the same pyrolysis temperature of 650 °C, with
increase of dwell time the micropore volume decreases [14].

4.1.3 Heating Rate

According to the studies, higher heating rates improves the product yield and carbon
content but decreases the hydrogen content of the sludge based adsorbents. Whereas,
lower heating rates of about 3 °C/min increases the BET surface area [9, 15]. It was
probably due to larger sample residence time during the pyrolysis processes. As per
Table 1, the heating rates are 3, 5, 10, 20 and 40 °C/min.

4.1.4 Type of Feedstock

Researches implies that addition of high carbon content materials like leaf litter,
disposal filter cake, waste oil sludge and solid residue of pyrolysed tyres to the
sludge can improve their porosities [13, 16, 17]. Due to the oil volatilization and
hydroxide formation during pyrolysis, the addition of waste oil sludge in sewage
sludge in the mass ratio 1:1 improves the BET surface areas and micropores volume
[11]. Also the adsorbent yielded by mixing the sewage sludge and filter cake in the
mass ratio 85:15 has higher BET surface area of about 60 m?/g than the regular
sludge based adsorbents which has a BET surface area of about 15 m?/g [16].

4.2 Physical Activation

The process of physical activation generally takes place in the following two steps:

The first step is to carbonize the sludges around the temperature between 400—700
°C in presence of inert gas like nitrogen or helium to break down the cross-linkage
bonds among carbon atoms. The next step is to activate it with the help of gases like
nitrogen, oxygen or air, steam, carbondioxide etc. at a high temperature of about
800-1200 °C. This facilitates in developing the porosity of the sludge based adsor-
bents further. The most common activator gases are steam and carbondioxide. In the
Table 2 a summary of the characteristics of sludge based adsorbents that are activated
at various conditions.



S. Shome et al.

juerd

paziuoqied jusuEaI)

- - £re S0 - 0c uaSonIN - 0sL JON | Iojemalsepy

juerd

jusueaI)

01 - 01 006 91 - weas 1'69C 0s6 S0 | JIeremarsepmy

a3pnys

UonERIUSULIDJ

01 1o5eM 01 00L I 01 UaS0NIN 91 00§ I QUEYIdIN

paziuoqie)) a3pnys

- - Ll 00¢ - 0l | °pIxolpuogre) 00¢ 009 JON [ rodeg

paziuoqie)) a3pnys

1900 - - - z € Ire/uaSAXQ SLT 09 JoN | [rmw sodeq

pozruoqied a3pnys

€900 I9eM 144 001 S0 01 uaSonIN 001 0sL JON SONAWSOD

proe paziuoqied agpnys

$0°0 | duO[y20IpAH 6 001 [4 Ol | opixorpuoqren 001 008 JION SONAWSO0D
(urwypur) (1) (1)

vary (unwyd,) (o) oun | (umyu) seo | (umwp,) 02 awry 23pns

ooepng Jusugeary, | % Suneoy | ermyerodwal | [[omQ | 96l MOl IoyeAnoy | ojer Suneoy | einjerodwdg, ema 10

La4d 1s0d NOILVAILDV TVOISAHd NOILVZINOGYdVD ad4p,

198

[] uoneanoe [earsAyd pue uoneziuogred £q peonpoid sjuaqIospe paseq a5pnys Jo SONSLIAIOLIBYD 2INJONI)S 210 T I[qEL



Role of Water/Wastewater/Industrial Treatment Plants Sludge ... 199
4.2.1 Steam

As compared to the activation using carbondioxide, the steam activation at a given
temperature, leads to larger adsorption capacity and wiser pore size distribution in
the sludge based adsorbents. This method encourages the micropore and mesopore
creation [18]. Steam activation mechanism is the collective effect of fixed carbon loss
and devolatilization that results from water gas reaction in this case. With increase
in activation temperature, the BET surface areas of adsorbents prepared by steam
activation also rises up due to the higher rate of diffusion of the water molecule to the
inside thereby broadening the pore network [19, 20]. But if the activation temperature
crosses 850 °C, BET surface areas decreases as more particles start burning out.

4.2.2 Carbondioxide

The porosity of the sludges can be enhanced with the help of carbondioxide activa-
tion. The development of opened micropore and closed opening of micropore takes
place by removing the carbon atoms from the interior of the particle through gasifi-
cation at higher temperatures of about 900—-1200 °C and lengthier dwell time [21].
During physical activation, the development of porosity of sludge based adsorbents is
restricted if the raw material contains high ash content. It is observed that the acidity
of the sludge-based adsorbents prepared through carbondioxide activation declines
with an inclination in the activation temperature because of the oxygenated acidic
surface group’s degradation [22].

4.3 Chemical Activation

Chemical activation is nothing but activating the sludge based adsorbents by chemical
treatment at specified conditions. The factors that affect the chemical activation are
activator kinds, activator temperature, activation concentration, addition of binder.
The Table 3 describes the pore structure characteristics of sludge based adsorbents
by chemical activation.

4.3.1 Types of Activator and Activation Temperature

Activator plays the most important role in influencing the processes of chem-
ical activation [23]. Various activators like sulfuric acid, phosphoric acid, potas-
sium hydroxide, sodium hydroxide, zinc chloride, ferric chloride and potassium
carbonate can be used but zinc chloride, sodium hydroxide, potassium hydroxide
and phosphoric acid are the most common used ones.

According to the observations tabulated in Table 3, potassium hydroxide has
proved to be the most effective activator as it has produced sludge based adsorbents
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with high BET surface area with a value as high as 1882 m?/g [24]. This process
is high energy consuming and the product can be obtained through a two-stage
method—carbonizing before impregnating and activating it while activator to solid
ratio is maintained as 1:1. Also as per the research conducted, sludge based adsor-
bent prepared through single stage method with potassium hydroxide maintaining
activator to solid ratio as 3:1 yields a value of BET surface areas as 1832 m?/g [25].
The mechanism of potassium hydroxide activation is that an intercalation compound
of carbon and potassium oxide is formed which infiltrates inside and at high temper-
ature this potassium oxide reduces to metallic potassium atoms [26]. This results
in gasification and emission of steam and carbondioxide which facilitates in pore
formation. Also, potassium vapor widens the gap between carbonaceous layers and
thus increases the surface area.

Zinc chloride is another such effective activator with yields BET surface area
as high as 757m?/g [27]. It helps in dehydrating and forming tar to suppress the
activation process and also promotes carbon skeleton aromatization to form pores
[28]. As per Table 3, the optimum activation temperatures for zinc chloride depending
on the feedstock types are reported as 300, 375, 500 and 750 °C. A washing step
can create extra micro and mesoporosity to remove the zinc chloride and zinc oxide
entrapped.

Although as per Table 3 the BET surface area of sludge based adsorbents activated
through phosphoric acid is merely 290.6 m?/g but the only advantage it has its low
cost and activation temperature. During activation processes the effects of phosphoric
acid are dehydration, depolymerization, rearrangement of biopolymers constituent,
specifically, encouraging the change of aliphatic to aromatic compounds thereby
growing the yield of solid phase products.

4.3.2 Concentration of Activator

The optimum value of activator concentration be subject to on its characteristics
and the type of feedstock. Usually with the increase of activator concentration, the
BET surface areas and adsorption capacities increase but if it exceeds appropriate
values the BET surface areas and adsorption capacities start decreasing due to partial
destruction of microporosity resulted from hyper-activation [29].The optimum acti-
vation concentration for potassium hydroxide, sodium hydroxide and zinc chloride
as per research are 1 M, 1.25 M, 2 M respectively [29, 10].

4.3.3 Binder Addition

Although adding binders to the sludge based adsorbents prior to chemical activation
produces huge granules but reduces the surface areas of BET [30]. In catalytic wet air
oxidation process these hard adsorbents can be used to increase the pollution removal
rate [31].Phenolic resin, clay, polyvinyl acetate (PVA), lignosulphonate, humic acid
are the most commonly used binders. Clay, phenolic resins and humic acid decreased
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the micro and macroporosity of sludge based adsorbents [32]. Although humic acid
and phenolic resin addition had negligible effect on BET surface areas but in case
of clay it decreased to a considerable extent. While sludge based adsorbents formed
without binder are friable with a hardness number in the range of 58-71% those
produced in a combination of steam activation and polyvinyl acetate binder (5 wt %)
yields hardness number of around 92-93% [33].

4.4 Post Treatment

Post treatment, implies to treatments such as acid washing, alkaline washing or
distilled water washing which helps in decreasing the ash contents, increasing the
BET surface areas and porosity and even removing the extra reaction products and
activation agents in case of chemical activation. An appropriate ash-dissolution tech-
nique like washing with hydrochloric acid can be applied to reduce this high ash
content [33]. Acid Washing is the most widely used one among them as it cut downs
the inorganic content of the carbonaceous material by dissolving the basic oxides
like aluminium oxide, ferric oxide, calcium oxide etc. from the adsorbent to increase
porosity [34].

5 Applications

The sludge based adsorbent has found its demand in various sectors these days. They
are explained as follows [3]:

5.1 Organic Matter Removal

In the Table 3 it is shown that the organic matters like phenol, toluene, trinitrotoluene,
nitrobenzene, rhodamine B and ibuprofen can be removed with the sludge based
adsorbents over physico-chemical adsorption and hydroxyl radical oxidation [5,
36-40]. The sludge based adsorbents prepared through phosphoric acid microwave
method was used to remove trinitrotoluene from water and from the previous research
it was concluded that it has pretty bulky surface and plentiful extension holes [38].
When more amount of aluminum oxide and iron is added to the sludge based adsor-
bents then the deletion rate of UV254 and dissolved organic carbon by it are around
85.8% and 59.7% respectively which is almost similar to the commercial ones [41].
When suitable amount of raw materials like sawdust, corn cobs, coconut shell acti-
vated by zinc chloride is added to dehydrated sludge the adsorption efficiencies gener-
ally increases [42, 43]. In the toluene adsorption experiment it was shown that the
equilibrium efficiency of shell sludge based adsorbent is the highest followed by coal
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adsorbent and sawdust adsorbent. Similarly, for phenol and nitrobenzene removal,
sludge based adsorbents with corn cores were used which proved that higher doping
proportion of corn cores results in larger micropore volume, BET surface area [44].

These adsorbents prepared from sludge can also act as catalyst or carrier to prepare
necessary conditions for new composite photocatalytic material preparation [45,
46]. As per the studies, the sludge based activated carbons mixed with oxides of
manganese has decent catalytic activity [47]. The reaction mechanisms like hydroxyl
radical reactions and surface reaction were involved in the catalytic ozonation process
of oxalic acid mineralization. For increasing the productivity of ozone oxidation of
wastewater pollutants, transition metals like iron oxide and manganese were usually
doped into the sludge based adsorbents through impregnation method [48]. Due to
various modification methods involved, the principles for organic matter removal are
at times different from one another. In the catalytic ozone oxidation of rhodamine,
the sludge based activated carbon prepared with a mixture of biological and chemical
sludge follows the mechanism of hydroxyl radical oxidation [49].

Sludge based adsorbents can also be mixed with Fe;O4 or metal free materials
like nitrogen rich urea and these are named as F-SBAC and N-SBAC respectively
[50, 51]. The F-SBACs produced hydroxyl radicals to catalyze hydrogen peroxide
and it can be prepared at different temperatures like 600, 800 and 1000 °C and based
on it the surface area, porous structure and removal rates differed. The chemical
microenvironment and microstructure is influenced by N-SBAC and to remove the
organic contaminant it can oxidized effectively too. For adsorbing phenol, the sludge
based activated carbon followed electron donor receptor reaction mechanism among
the aromatic phenolic rings and the adsorbent surface functional groups [52]. It is
estimated that either due to the competition between the two composites at the surface
adsorption sites of the sludge based activated carbons or due to the space resistance
of the co-adsorbent phenol, its adsorption capacity in removing cadmium ions is
decreased.

As per the research works, citric acid-zinc chloride mixed with sludge based
adsorbent seemed to be a good green technique in char manufacture with good pore
structure [53]. The sludge derived char is a hybrid material that contains carbon in
elemental form, aromatic organic matter and inorganic ash and this char can also
treat various kinds of benzene derivatives in aqueous solution.

Dibenzothiophene (DBT) can also be removed from n-octane by these sludge
based adsorbents and its adsorption rate increases with increase oxygen-containing
functional groups like carbonyl groups [54]. Out of the activator used in DBT
removal, potassium hydroxide enabled the highest adsorption capacity even more
than commercial activated carbons.

5.2 Heavy Metal Removal

The sludge based activated carbons helps in removing heavy metal ions by surface
precipitation, ion exchange reaction, chemical and physical adsorption [55]. These
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metal ions tend to create an exchange reaction on the surface of activated carbon.
After modifying or adding a reagent to the sludge based activated carbons, its surface
can get exposed to special surface groups to strengthen the absorption of heavy metal
ions and form products. These special groups develop into ligands with heavy metal
ions. The type and stability of these ligands helps in determining adsorption capacity
and quantity of the sludge based activated carbon which usually goes for chemical
adsorption. The sludge based adsorbents are produced by anaerobic pyrolysis under
approximately 900 °C which has higher adsorption capacity than commercial ones
to remove metals like lead, zinc, copper and cadmium [55].

In case of high pH, the heavy metals convert to hydroxide and precipitate on the
surface of sludge based adsorbents and in case of low pH, surface precipitation is less
and many heavy metal ions gets exchanged with calcium ions and further adsorbed
on the surface of those adsorbents. As compared to the BET and micropore volume
ratio of coir and coal, the sludge based activated carbons have smaller value but the
equilibrium adsorption efficiencies of lead (II), cadmium (II), chromium (VI) and
copper (II) in case of sludge based adsorbents are quite higher than the commercial
ones due to high acid group content. Many a times the comparative study between
adsorption effect on copper (II) and lead (IT) removal with the help of sludge based
activated carbons activated with zinc chloride and that of commercial coal carbon
were studied [56]. Although the results implied that the pore volume and BET surface
area of sludge based adsorbents activated was lesser than that of the commercial ones
but due to the presence of acid functional group on the surface its equivalent adsorbate
uptake on the two metals was much higher than the commercial ones.

There are some heavy metal ions that are sedimented on the sludge based activated
carbon’s surface and they are being removed through physical adsorption which has
increased adsorption capacity [57, 58]. From the research data it has been found that
the adsorbent prepared with sludge and bagasse through pyrolysis under 800 °C for
0.5 h and further treatment with 60% nitric acid yielded product with around 806.57
m?/g BET surface area [59]. As per the studies, when the sludge based activated
carbon was loaded with nano-titanium oxide using the impregnation sintering method
to remove the mercury ion, the performance of adsorption and efficiency of catalysis
were high with mercury ion removal rate from 20 mg/L aqueous solution was around
88.5.
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5.3 Gas Pollutant Removal

The surface of sludge based activated carbon contains a certain amount of active
components whose functional groups are rich which helps to contact with the reaction
gas [60]. As per the research data, the sludge based adsorbent contains a large number
of micropores, ultramicropore and other nitrogen containing group which helps in
low concentration formaldehyde adsorption from air [61]. The optimum adsorption
rate of this sludge based activated carbon is around 83% which is nearly equal
to that of commercial activated carbon. The studies have shown that the activated
carbon from sludge which contains nitric acid iron sludge based catalyst facilitates a
maximum 98.3% conversion of gaseous oxides of nitrogen [62]. Similarly, if titanium
oxide photocatalyst is used, then photocatalytic degradation of acetone gas yields
great results [63]. Also hydrogen sulphite gas was removed efficiently using sludge
based activated carbon mixed with an active agent zinc chloride which was further
improved with Cerium [64]. Further, phosphoric acid was also mixed with sludge to
react chemically and yield mesoporous activated carbons with surface area of about
300 m?/g [65]. The adsorption capacity of sulfur dioxide gas is associated with the
average size of micropore and can controlled by the ratio of impregnation that is used
mainly to make the activated carbons.

5.4 Others

The sludge-based adsorbents also can be combined with other water treatment
processes to reduce the operating cost of various other processes. If we couple these
adsorbents with membrane bioreactors for treating waste leachate then the struc-
ture and properties of the cake layer on the surface of the membrane can get better
resulting in good performance of filtration and water permeability. The merits of
this combination process are it reduces membrane fouling, protein and humic acid,
increases the duration of membrane operation cycle and decreases the operation cost.
During liquefaction of sludge based activated carbon, the energy density and yield of
bio-oil at around 350 °C usually increases [66]. It is generally denoted as 350-SBAC.
It helped in lowering the risk of copper, lead, cadmium and zinc. On the other hand,
the sludge based activated carbon liquefied at temperature around 400 °C favored
the risk reduction of strontium more. In terms of the yield of bio-oil, liquefaction is
done at 350 °C with SSAC-550 was more suitable.

6 Conclusion

A generous amount of activated sludge is produced from sewage treatment. Conver-
sion of sludge into activated carbon can bring considerable economic value and
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reduce environmental pollution. As compared to the traditional activated carbon,
the cost of production of sludge based activated carbon is lesser because of the
availability of its wide range of source. Therefore, there is a great potential value
associated with the research and application of sludge based activated carbon and
also presently it has obtained a certain achievements. However, some problems still
remain to be unsolved and hence require further processing. Firstly, potential release
of some hazardous and toxic substances during the synthesis of sludge based acti-
vated carbon was noticed. For example, it is possible to release the heavy metals
from sludge based activated carbon. The mechanism of conversion of soluble heavy
metal into insoluble metal compound is still not clear in the synthesis of sludge based
activated carbon. Secondly, the effects of sludge based activated carbon on environ-
ment need to be further studied such as the effective reuse and recycle of sludge
based activated carbon adsorption materials, the discarding of waste sludge based
activated carbon, the leakage of its adsorbed substance in the transfer, the renewal
technology and regeneration performance comparison between commercial activated
carbon and sludge based activated carbon. Thirdly, profound study is required on the
reaction mechanisms of preparation of sludge based activated carbon. Due to the
complexity of sludge composition and the influence including factors like pyrol-
ysis equipment and pyrolysis conditions etc., in the synthesis process of activation,
the organic matters in activated sludge can initiate chemical reaction as a result of
the activation by temperature. In the interim, the additives and chemical activators
complicate chemical reaction even more. Therefore, analyzing the variations of the
activation mechanism and process of activation can guide in the synthesis, application
and variation of sludge based activated carbon at a broader level (Fig. 1).

SLUDGE : Sewage/Industrial/waterworks
4%

» ACID: HyPO.H: 50, HNOs
MIXED > BASE: KOH, NaOH
WITH * SALTS: InCly, KzC0s, Fe(ND:)y
ACTIVATOR > CARBOMACEOUS MATTERS: Tyres, waste oil sludge, leaf litter

= aludge
L

S TYROLTSE TEMPERATURE: B50-1000°C
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Fig. 1 Process flowsheet for the preparation, characterization and application of sludge based
adsorbents
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